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Abstract 
pH-Sensitivity, biodegradability and biocompatibility make poly(amino ester)s 
promising materials for biotechnology. But so far, the chemistry of poly(amino ester)s 
reported is very limited, especially in amine constitution. Hence novel kinds of 
poly(amino ester)s are desirable. In our works, firstly the mechanisms of the Michael 
addition polymerization of trifunctional amines and diacrylates or triacrylates were 
clearly clarified. Based on the results, we designed and synthesized two novel kinds 
of poly(amino ester)s, i.e., linear poly(amino ester)s with secondary and tertiary 
amines in their backbones and hyperbranched poly(amino ester)s with diversiform 
combination of primary, secondary and tertiary amines. Some poly(amino ester)s were 
demonstrated to show low cytotoxicity and good transfection efficiency for DNA 
delivery comparable to polyethylenimine (PEI). Furthermore, some hyperbranched 
poly(amino ester)s can emit blue fluorescence. These poly(amino ester)s should be 
applicable for safe and efficient gene and drug delivery and as novel biocompatible 
fluorophores.  
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Poly(amino ester)s containing amines and ester groups in the main chains have 
shown great potentials as biomaterials due to their pH sensitivity, biodegradability 
and good biocompatibility. Poly(amino ester)s have been investigated for preparing 
safe and efficient nonviral vectors for gene delivery and smart drug delivery, but the 
structure diversities especially amine constitutions of those poly(amino ester)s 
investigated are very limited. However, novel poly(amino ester)s with different 
structures such as those containing primary and/or secondary and/or tertiary amines 
simultaneously are desirable owing to the different roles and functions of different 
types of amines in the applications.  
In this study, novel poly(amino ester)s have been obtained through polymerizations 
of multifunctional amines of suitable unequal reactivity with di-or tri-acrylates. The 
mechanisms of the polymerizations were identified; the structures, properties and 
applications of these novel poly(amino ester)s were investigated as listed below: 
z First the effects of the chemical structures of the multifunctional amines, 1-
(aminoethyl)piperazine (AEPZ), 4-aminomethylpiperidine (AMPD), N-methyl- 
ethylenediamine (MEDA), N-ethylethylenediamine (EEDA) and N-hexyl- 
ethylenediamine (HEDA), on the mechanisms of the Michael addition 
polymerizations with a diacrylate, 1,4-butanediol diacrylate (BDA), were clarified; 
and the reactivity sequence of the three types of amines, 20 amines (original), 10 
amines, and 20 amines (formed), was identified via in situ monitoring the 
polymerizations using 13C and 1H NMR (Nuclear Magnetic Resonance spectroscopy).  
z  Then novel linear poly(amino ester)s containing secondary and tertiary amines in 
the main chains were obtained via the Michael addition  polymerizations of AEPZ, 
AMPD and MEDA with an equimolar BDA. Poly(BDA-AEPZ) showed the highest 
 IX
transfection efficiency for DNA delivery in vitro comparable to polyethylenimine 
(PEI) (25 K), one of the most efficient polymers for gene delivery. 
z Further 2A2 + BB’B” approach to novel hyperbranched poly(amino ester)s was 
set up as represented by the Michael addition polymerization of 2BDA + AEPZ. The 
terminal groups were tuned to primary, secondary and tertiary amines, respectively. 
The primary amine terminal groups rendered hyperbranched poly(BDA2-AEPZ1)-
AEPZ the highest DNA transfection efficiency, even higher than that of PEI (25 K). 
z A3 + 2BB’B” approach to hyperbranched poly(amino ester)s was demonstrated 
by the Michael addition polymerization of trimethylol-propane triacrylate (TMPTA) 
with a double molar AEPZ. Poly(TMPTA1-AEPZ2) has an amine constitution similar 
to PEI, i.e., containing secondary and tertiary amines in the core and primary amines 
in the periphery, and also showed DNA transfection efficiency close to PEI (25 K). 
z Moreover blue photoluminescence was observed from aqueous solutions of 
hyperbranched poly(amino ester)s.   
The chemical structures of poly(amino ester)s obtained were characterized using 
NMR, and the molecular weights were measured using GPC (Gel Permeation 
Chromatography). The hyperbranched structures were verified by the ratio of 
hydrodynamic radius (Rh) to radius of gyration (Rg) of ca. 1.0-1.1, where Rh and Rg 
were determined using dynamic laser light scattering (DLLS) and small angle X-ray 
light scattering (SAXS). The glass transition temperature (Tg) and thermal stability 
were determined using DSC (Differential Scanning Calorimetry) and TGA (Thermo-
gravimetric Analysis). DNA condensation capability was evaluated using gel electro-
phoresis assay, and DNA transfection activity and cytotoxicity were measured also.  
These results indicate that these poly(amino ester)s should be applicable for safe 
and efficient gene and drug delivery and as novel biocompatible fluorophores.  
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1.1 Research background 
Poly(amino ester)s are a kind of polymers containing amine and ester groups in 
their backbones. pH-sensitivity, biodegradability and biocompatibility make 
poly(amino ester)s promising biomaterials, especially for safe and efficient drug 
delivery and preparing nonvectors for gene delivery.1-8 In the literature, a large library 
of linear poly(amino ester)s were synthesized via Michael addition polymerization of 
bifunctional amine monomers and diacrylate monomers.1-4 Also hyperbranched 
poly(amino ester)s were prepared via classic ABm approach with the ABm monomer 
prepared by the reaction of methyl acrylate and amine monomers.5, 6  
However, those linear or hyperbranched poly(amino ester)s have limited chemical 
amine constitutions. All the linear poly(amino ester)s only contain tertiary amines in 
their backbones, and the hyperbranched poly(amino ester)s only have tertiary amines 
in the core. Nevertheless, different types of amines, primary, secondary and tertiary 
amines, probably play different roles in biorelated functions, such as for the 
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condensation of DNA, and formation of the pH-buffering “proton sponge” facilitating 
the escape of vectors from lysosomes.9, 10 Hence poly(amino ester)s of different 
structures, especially containing primary and/or secondary and/or tertiary amines 
simultaneously, are desirable for preparation of safe and efficient drug and gene 
delivery systems. 
Novel polymers can be expected via the Michael addition polymerization of the 
trifunctional amines. Investigation on the Michael addition polymerizations of 
trifunctional amines, such as 1-(2-aminoethyl)piperazine (AEPZ), 4-(aminomethyl) 
piperidine (AMPD), N-methylethylenediamine (MEDA) and N-ethylethylenediamine 
(EEDA) with diacrylate or vinylsulfone were reported.11-18 These trifunctional amines 
contain three types of amines, i.e., the 2o amine, the 1o amine and the formed 2o amine. 
Normally gelation occurs in the polymerization of multifunctional monomers when 
the conversions of monomers surpass the gel points according to Flory’s theory.19 In 
contrast, it was reported that no gelation was formed in the Michael addition 
polymerizations of these trifunctional amines, which was attributed to unequal 
reactivity of the different types of amines, i.e., the trifunctional amines. Similar 
phenomenon was reported for other kinds of polymerizations.20-30 
However, Yan et al.11-18 assumed that AB2-type intermediates were formed in the 
Michael addition polymerization of these trifunctional amines, and the formed 
secondary amine has the same reactivity as the primary amine in the AB2-type 
intermediates, and the further polymerizations of the formed AB2-type intermediates 
produced hyperbranched polymers containing tertiary amines in the core and primary 
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amines in the periphery. But it is problematic to assume the formed secondary amine 
has the same reactivity as the primary amine in the AB2-type intermediates without 
convincing evidences; furthermore, the structures of the hyperbranched polymers 
were not characterized clearly. Hence a further investigation of the mechanism of the 
Michael addition polymerizations of these trifunctional amines is necessary. A clear 
understanding of the mechanism of these polymerizations would facilitate the design 
and synthesis of novel useful polymers.  
1.2 Scope of the study 
First the mechanisms of the Michael addition polymerizations of trifunctional 
amines, AEPZ, AMPD, MEDA, EEDA and N-hexylethylenediamine (HEDA), with 
diacrylates such as 1,4-butanediol diacrylate (BDA) were clarified. The reactivity 
sequence of three types of amines in trifunctional amines was clearly determined.  
On the basis of the clear understanding of the mechanism of the polymerizations 
and the reactivity sequence of the three types of amines in the trifunctional amines, 
several approaches to novel poly(amino ester)s were developed. The structures and 
properties of the polymers obtained were characterized, and their applications, 
especially for preparation of safe and efficient nonviral vectors for gene delivery, were 
investigated.       
z A2+BB’ approach to linear poly(amino ester)s. 
 Novel linear poly(amino ester)s were prepared via Michael addition polymerization 
of trifunctional amines with less steric hindrance on the secondary amines like AEPZ, 
AMPD and MEDA with an equimolar diacrylate, BDA.  
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z 2A2+BB’B” approach to hyperbranched poly(amino ester)s with tunable terminal 
groups. 
   Novel hyperbranched poly(amino ester)s with terminal vinyl groups were 
obtained via the Michael addition polymerization of AEPZ with a double molar BDA. 
Then the terminal vinyl group was converted into stable terminal groups such as 
primary, secondary and tertiary amines. 
z A3+2BB’B” approach to hyperbranched poly(amino ester)s with primary, 
secondary and tertiary amines. 
   Novel poly(amino ester)s were prepared via the Michael addition polymerizations 
of trifunctional amines with triacrylates. AEPZ and trimethylolpropane triacrylate 
(TMPTA) with three equi-reactive vinyl groups were adopted as a representative 
trifunctional amine and triacrylate. The obtained poly(amino ester) had a amine 
constitution similar hyperbranched polyethylenimine, a kind of polymers showing the 
highest gene transfection efficiency attributable to the buffering capability of the 
so-called proton sponge consisted of the primary, secondary and tertiary amines.    
The structures of the intermediates formed in the polymerizations and the 
poly(amino ester)s obtained were characterized by 1H and 13C NMR (nuclear 
magnetic resonance spectroscopy). MS (mass spectroscopy) also was applied to verify 
the intermediates formed. The molecular weights, glass transition temperatures, and 
thermal stability of these poly(amino ester)s were measured by gel permeation 
chromatography (GPC), differential scanning calorimetry (DSC), and 
thermogravimetric analysis (TGA), respectively. For the hyperbranched poly(amino 
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ester)s obtained, the hyperbranched properties were studied by determining the ratio 
of the radius of gyration (Rg) and hydrodynamic radius (Rh) of these polymers, which 
can be measured by small angle X-ray scatting (SAXS) and laser dynamic light 
scatting (LDLS), respectively.  
The poly(amino ester)s obtained were evaluated as potential safe and efficient 
carriers for gene delivery. In vitro degradation of the polymers, the cytotoxicity of the 
polymers in different cells, the DNA condensation capability of the polymers by gel 
electrophoresis assay (GEA), and in vitro DNA transfection efficiency in different 
cells were evaluated. The sizes and ζ-potentials of the complexes of DNA and the 
polymers were measured. 
The hyperbranched poly(amino ester)s obtained with different terminal groups 
like amino and hydroxyl groups were also evaluated as novel biocompatible 
fluorophores. Excitation and emission fluorescence spectra of the polymers were 
investigated. Concentration, pH and time dependent fluorescence properties of the 
polymers were studied. The key factors in forming the novel fluorescent centers were 
also analyzed. 
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2.2.2.2.5 Polyester, polyphosphate and polysaccharide grafting side chain amines 




Genes are the basic physical and functional units of heredity. Genes are specific 
sequences of bases that encode instructions on how to make proteins. Throughout the 
past 20 years, the biotechnology revolution and the expanding field of genomics have 
led to the discovery of many kinds of functional proteins and genes. Besides those 
accomplishments, a great breakthrough is that sequencing of 80,000-100,000 genes in 
the human genome has been completed, which has opened the possibility of finding 
the genetic causes of many diseases. Gene therapy, which is a technique for correcting 
defective genes responsible for disease development, is one of the many applications 
of these newly sequenced genes, and one of the most promising therapies of inherited 
or acquired diseases for the future. The worldwide sales of gene therapy products are 
estimated to be US$12 billion as early as in 2007 and to reach US$45 billion dollars 
in 2010.1 
Gene therapy as a new therapy has been appeared for over a decade, and it aims at 
treating and controlling both genetic (e.g. cancer, haemophilia) and infective diseases 
(e.g. AIDS) through several approaches:2 (1) a normal gene may be inserted into a 
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nonspecific location within the genome to replace a nonfunctional gene; (2) an 
abnormal gene could be swapped for a normal gene through homologous 
recombination; (3) the abnormal gene could be repaired through selective reverse 
mutation, which returns the gene to its normal function; (4) the regulation of a 
particular gene could be altered.  
Although gene therapy as a treatment for diseases holds great promise, it is still in 
the experimental stage and has not been very successful in clinical trials. Because of 
easy degradation of DNA in vivo, one of the major challenges for gene therapy is to 
deliver the gene safely and efficiently into the target cells. Therefore, the success of 
gene therapy relies considerably on the development of the gene delivery vector. 
Moreover, gene delivery vectors also play a vital role in elucidating the structures, 
regulation and functions of genes.  
2.2 Gene delivery vectors 
The transfection efficiency of gene delivery vectors is crucial to the successful 
application of DNA as a pharmaceutical or a basic research tool, and it is determined 
by both the efficiency of DNA delivery (i.e. the fraction of DNA molecules getting 
into the nucleus) and the efficiency of DNA expression (i.e., the fraction of nucleus 
DNA molecules that undergo transcription). A greater efficiency of expression can 
usually be achieved by using suitable promoters and enhancers,3 but it is difficult to 
improve the efficiency of DNA delivery because DNA delivery from outside the cell 
to inside the nucleus is a multi-step process. It is needed to identify and overcome 
every hurdle along the DNA entry pathways for the improvement of overall 
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transfection efficiency.4, 5 
Traditionally, gene delivery vectors investigated can roughly be divided into two 
categories: viral and non-viral gene delivery systems. Viral delivery systems are based 
on replicating viruses that have the ability to deliver genetic information into the host 
cell. Non-viral gene delivery systems depending on direct delivery of genetic 
information into a target cell include naked DNA and the complexes formed via 
encapsulation of DNA with cationic lipids (liposomes) and polymers.  
2.2.1 Viral vectors 
  At present, viral vectors derived from replicating viruses are the most efficient 
means for delivering a corrective gene into human cells. In general, genomes of 
replicating viruses include two basic elements: coding regions and cis-acting 
regulatory elements. The coding sequences enclosing the genetic information of the 
viral structural and regulatory proteins are necessary for propagation of infectious 
viruses, whereas cis-acting sequences are essential for packaging of viral genomes 
and integration into the host cell. To obtain a replication-defective viral vector, the 
coding regions of the virus are replaced by the genetic information of a therapeutic 
gene, keeping the cis-acting sequences intact. When the viral vector is introduced into 
producer cells, they can provide the structural viral proteins in transfection, and 
produce nonreplicating virus particles containing the genetic information of a 
therapeutic gene. The ability to generate replication defective viral vectors is the 
backbone of developing virus-based gene delivery vectors.  
  Currently, many different viral vectors, including parvovirus, adenovirus, retrovirus, 
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lentivirus, and herpesvirus-based vectors, have been developed, and their performance 
and pathogenicity has been evaluated in animal models (For current some reviews, 
see ref.6-18). The results of these studies form the basis for the first clinical trials for 
correcting genetic disorders. Even though the results of these trials are encouraging, 
vector development is still required to improve and refine future treatment of 
hereditary disorders. 
2.2.1.1 Parvoviruses 
  Parvoviruses are small naked icosahedral eukaryotic viruses with a single-stranded 
DNA genome consisting of two major open reading frames, one encoding for the 
nonstructural proteins involved in replication and the other encoding the viral capsid 
proteins, flanked on both ends by inverted terminal repeats (ITRs).19, 20 Adeno- 
associated virus (AAV) type 2 is a nonpathogenic human parvovirus dependant on a 
helper virus, usually adenovirus or herpesvirus, to proliferate, and it is currently the 
most commonly used parvovirus vector for human gene therapy studies.21-23 
Advantages of AAV include the ability to infect both dividing and nondividing cells as 
well as the nonpathogenic nature of the virus.24, 25 In recombinant AAV vectors, the 
entire coding sequences can be replaced with the therapeutic gene of interest, leaving 
only the ITRs.26  
  The use of recombinant AAV vectors is currently being assayed in clinical trials for 
a variety of diseases, including cystic fibrosis and haemophilia B. The results of these 
trials suggest that AAV2-based vectors may prove useful for gene transfer approaches 
for the treatment of disease. However, the therapeutic processes based on AAV2 
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methods are quite costly and very labour-intensive. Another restricted factor is that the 
size of the therapeutic genome is limited to 110% of the normal genome size of 
4.7kb.27   
2.2.1.2 Adenoviruses 
  Adenovirus (Ad) is a nonenveloped, linear double-stranded DNA virus, and its 
genome is flanked on both ends with short ITRs. Earlier generation recombinant 
adenovirus (rAd) vectors elicited strong immune response due, in part, to the 
expressed Ad proteins as well as the virus particles themselves.28, 29 Recently, to 
address the immunogenicity of the earlier versions of rAd, new so-called gutless Ad 
vectors have been generated by deleting the entire coding sequence of the adenovirus 
genome, leaving only the ITRs.30, 31 In addition to eliminating all viral protein 
expression, gutless Ad vectors with the addition of stuffer DNA have the better 
packaging capacity and can accommodate up to 35kb of foreign DNA. These gutless 
vectors have been shown to be far less immunogenic than the earlier generation Ad 
vectors. Moreover, long-term gene expressions and very high transfection efficiencies 
have been obtained both dividing and nondividing cells using these gutless vectors. 
Distinct from that of retrovirus, AAV and lentivirus-based viral vectors for human 
gene therapy, rAd vectors do not integrate into the chromosome, but persist in the cell 
as episomal DNA.  
  The most recent innovations are the development of Ad-AAV and Ad-retrovirus 
hybrid vectors that are devoid of all viral genes, and the transgene sequence is flanked 
by AAV ITRs or retroviral LTRs.32, 33 Successful transduction and integration has been 
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observed using these hybrid vectors, albeit at low efficiency. The other innovation is 
the development of the targeting Ad vectors, which can be generated by enclosing 
tissue-specific receptors to the vectors. The targeting Ad vectors have several 
advantages, such as, the ability to selectively transduce target cells and reduce the 
general transduction of the other nontarget cell types that could lead to adverse effects, 
the possibility of reducing the immune responses that are partly due to the 
transduction of antigen presenting cells, and the ability to administer the vector 
systemically. 
  The most prominent disadvantage of rAd vectors is the host immune response to 
the vectors. Earlier generation rAd vectors had elicited extremely strong immune 
response to the viral proteins and, in many cases, to the therapeutic protein as well. 
Gutless rAd vector by deleting all the viral genes has significantly diminished this, but 
has not eliminated the recognition of the viral capsid proteins alone as antigenic. 
Currently, these newer generation vectors are being evaluated in phase I clinical trials.  
2.2.1.3 Retroviruses 
  Retroviruses are enveloped, single-stranded and positive-sense RNA viruses. The 
retroviral genome contains three genes, gag (group-specific antigen), Pol (polymerase) 
and env(envelope), which encode for core and structural proteins of the virus, the 
viral enzymes (reverse transcriptase, integrase and protease) and the retroviral coat 
proteins, respectively. The genes are flanked on either end by long terminal repeats 
(LTRs), which serve as promoters for transcription. In addition, a packaging sequence 
(ψ) inside the left LTR is essential for the packaging of retroviral RNA during the 
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synthesis of retroviral progeny. In recombinant retroviruses, all viral genes except the 
LTRs and the ψ signal are replaced with the therapeutic gene of interest with a size of 
up to 8kb.34-36 After entry into the host cell, the single-stranded RNA genome is 
released into the cytoplasm and reverse-transcribed by a reverse transcriptase that is 
also packaged within the viral particle, into a double-stranded DNA proviral form, 
which can integrate randomly into chromosomal DNA. The retroviral vectors have the 
good ability to transduce a wide range of cell types, stable, long-term expression of 
vector-mediated transgenes and the lack of significant immune response to the vectors. 
The most typical retrovirus used in human gene therapy is the Moloney Murine 
Leukaemia Virus (Mo-MLV), which has one of the simplest genomes of the 
retroviruses.  
  Retrovirus vectors have demonstrated some promising results in the correction of 
adenosine deaminase deficiency, cancer therapy and bone marrow transplantation.37-39 
However, the inability of retroviral vectors to infect nondividing cells efficiently and 
difficult generation of high titre stocks of retroviral vectors have restricted their 
potential applications.40-42 Over the years, the percentage of retrovirus-mediated gene 
transfer clinical trial studies has decreased with the development of other viral and 
nonviral gene transfer vectors.  
2.2.1.4 Lentiviruses 
  Lentiviruses belong to a class of retroviruses and their basic genome structure is 
similar to that of retroviruses.43 However, lentiviruses contain several additional genes, 
such as rev and tat, which are essential for or contributory to efficient virus replication 
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and persistence. The major lentiviruses currently being used are the human 
immunodeficiency virus type 1 (HIV-1), the simian immunodeficiency viruses (SIV) 
and the feline immunodeficiency virus (FIV).44 Different from retroviruses, the 
lentiviral-based vectors have the good ability to efficiently transduce and integrate 
into nondividing cells.45, 46 As lentiviruses are known pathogenic viruses, the major 
drawback of the lentiviral vectors, in particular the HIV-1-based vectors, is the 
potential for reversion to the wild-type virus. 
2.2.1.5 Herpesviruses 
   Herpes simplex viruses (HSV) are enveloped, double-stranded DNA viruses with 
a genome size of 152kb. Viable HSV vectors can be generated by the deletions of the 
multiple genes of viruses although full genome HSV is cytotoxic to neurons. 
Defective (or amplicon) vectors and recombinant vectors are two major forms of HSV 
vectors. HSV amplicons are plasmids that contain only the HSV origin of replication 
and packaging signal in addition to the therapeutic gene of interest.47-50 Amplicons 
vectors are generated by transfection of the amplicon into cells which provides the 
replication and packaging function.51 Recombinant vectors are produced by direct 
insertion of the therapeutic gene of interest into the HSV backbone through 
homologous recombination.52-54 Currently, the major drawback of the HSV-based 
vectors is their cellular and immunological toxicity.   
2.2.1.6 Other viral vectors 
  Preliminary work has demonstrated the potential for other viruses, like vaccinia, 
Epstein-Barr, sendai, sindbis, polyoma and measles virus, as potential candidate 
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vectors for human gene therapy applications.55-60 Other potential viral vectors are the 
hybrid viral vectors, in particular, the adenovirus-retrovirus hybrids61 and the 
adenovirus-AAV hybrid vectors.62  
  In conclusion, viral vectors are the most efficient gene delivery vectors currently 
available, but some problems inherent to viral vector, e.g., limited payload capacity, 
general production issues, immune and toxic reactions, and the potential for 
catastrophic viral recombination, hinder their successful application in clinical 
treatment. Therefore, great concerns of the safety of viral vectors make non-viral 
vectors more and more attractive. Although research in the field of non-viral gene 
delivery is still in the initial stages compared to wide use of the viral vectors, 
considerable progress in non-viral delivery systems, especially polymeric gene 
delivery systems, has been made over the past several years. 
2.2.2 Non-viral vectors 
Most non-viral gene delivery systems usually operate at three steps: DNA 
condensation and complexation, endocytosis, and nuclear targeting/entry.63 There are 
three major barriers to gene delivery, i.e. low uptake by target cells, inadequate release 
of DNA molecules with stability after endocytosis, and poor nuclear targeting (See 
Figure 2.1).63 Thus, the challenge is to develop a system that can fully circumvent 
these hurdles in order to effectively shepherd DNA across the plasma membrane and 
the hostile intracellular environment, and into the nucleus. In addition, the 
cytotoxicity and immunogenicity of DNA delivery must be also addressed for the 
clinical application. 
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Figure 2.1 Schematic drawing of DNA delivery pathways with three major barriers: 
low uptake across the plasma membrane, inadequate release of DNA 
molecules with limited stability, and lack of nuclear targeting. (A) 
DNA–complex formation. (B)Uptake. (C) Endocytosis (endosome). (D) 
Escape from endosome. (E) Degradation (edosome). (F) Intracellular 
release. (G) Degradation (cytosol). (H) Nuclear targeting. (I) Nuclear 
entry and expression. 
 
Advances in the field of non-viral vectors are now made in two distinct structural 
categories: cationic lipids and cationic polymers, both of which must face and 
overcome the barriers to gene delivery. 
2.2.2.1 Lipid-mediated vectors 
  The use of cationic lipids for DNA transfection into mammalian cells has become 
widespread (For some reviews, see ref. 64-76) because several features of these 
reagents make them attractive vehicles for gene delivery, particularly in gene therapy. 
For instance, cationic lipids are safer than viral vectors, can deliver large DNA 
fragments of up to several megabase pairs long into cells, can be produced in large 
quantities with relative ease and extensively characterized, and can be modified for 
each of their constituent parts, thereby facilitating the elucidation of structure-activity 
relationships. 
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   A cationic lipid is a positively charged amphiphile, which generally contains the 
three following structural domains: 1) a hydrophilic headgroup which is positively 
charged, usually via the protonation of one or several amino groups; 2) a hydrophobic 
portion composed of a steroid or of alkyl chains (saturated or unsaturated); and 3) a 
linker (connecting the cationic headgroup with the hydrophobic anchor) whose nature 
and length may impact on the stability and the biodegradability of the vector (Figure 
2.2). 
 
Figure 2.2 The three basic domains of any cationic lipid: headgroup, linker and 
hydrophobic moiety. 
 
  Vectors are often prepared in a series differing in their hydrophobic domain because 
the length and type of the aliphatic chains incorporated into cationic lipids have been 
proven to significantly affect their transfection efficiency. Further, modifications of 
the hydrophobic domain have also shown that optimal vector structure is often 
dependant on this moiety, which can fall into various structural classes and variants. 
However, it is rather difficult to make general assumptions based solely on a single 
aspect of this moiety. For example, the results obtained with DMRIE77 (1,2-di 
myristyloxy-propyl-3-dimethyl-hydroxyethylammonium bromide, Figure 2.4), 
glycine betaine derivatives,78 alkyl acyl carnitine ester,79 lactic acid derivatives80 and 
bis-ether lipids related to DOTAP81 (1,2-dioleoyloxy-3-[trimethylammonio]-propane, 
Figure 2.4), have shown that a comparison of vectors based solely on the lengths of 
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the two saturated aliphatic chains led to identify the order C14>C16>C18 (in terms of 
transgene expression). But Behr and coworkers82 have prepared a series of 
lipopolyamines and found that their gene delivery efficiency was independent of 
chain saturation (oleoyl vs stearyl lipopolyamines). Further, in a series of Gemini 
surfactants83 and linear polyamine-based vectors,84 C18 chains were optimal according 
to the order C18>C16>C14 when compared with saturated chains. 
The hydrophobic and hydrophilic moieties of cationic lipids are commonly 
linked using carbamate, amide, ester or ether bonds. The linking bond mediates the 
stability of the cationic amphiphile and so a balanced choice must be made between a 
vector’s persistence and its toxicity which is likely to be related to its half-life in the 
cell. Although no particular bond emerges as consistently optimal in structure-activity 
studies across different vector types, it is however generally recognized that ether 
linked vectors are particularly stable;85 consequently, they are expected to be more 
toxic than ester linked lipids, which are more easily cleaved within the cell.86 
Carbamates are thought to achieve a reasonable balance between stability and toxicity 
and are therefore often used, e.g. in DC-Chol87 (3β-[N-(N’,N’-dimethylaminoethyl) 
carbamoyl] cholesterol) and BGTC88 (Bis-guanidinium-tren-cholesterol). 
   As DNA release may be facilitated by a triggered decomplexation mechanism, 
cleavable linkers on shorter time scales and under specific stimuli is of emerging 
interest. Thus, recently, vectors with cleavable linkers have been developed that are 
sensitive to stimuli such as pH-sensitivity,89-91 redox or enzymatic sensitivity92-96 and 
photo-sensitivity.97 The use of degradable linkers here may lead to reduce cytotoxicity 
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when compared with counterparts with a more chemically stable linker. 
   DNA binding by the vector requires a headgroup which is capable of sustaining a 
positive charge at physiological pH. Recently, the choice of cationic headgroups has 
expanded into the use of natural architectures and functional groups with recognized 
DNA binding modes as well as non-amino-based cationic moieties. Through 
analyzing the important advances made in the domain of the cationic headgroups, four 
categories of cationic lipids are classified and summarized below. 
2.2.2.1.1 Monovalent cationic lipids 
   Typical structures for monovalent cationic lipids can be described in Figure 2.3. 
The charge is most often located on amino groups.86, 98-105 In addition, other groups, 
such as phosphonium groups and arsonium groups, have been used to convey the 






Figure 2.3 Monovalent headgroups for cationic lipids 
DOTMA98 (N-(1-(2,3-dioleyloxy0propyl)-N,N,N-trimethyl ammonium), is the first 
cationic lipid with ether as linker bonds. DOTAP81, 99 is an analogue of DOTMA, 
which is linked via ester instead of ether bonds. These two compounds containing two 
chains can form bilayer structures (Figure 2.4), and were used to study the mechanism 
of gene therapy related to cationic liposome transfection.100-102 Meanwhile, DOTAP 
may show improved delivery property for gene transfer.102  
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Figure 2.4 Structures of some monovalent cationic lipids: DOTMA, DOTAP, DOPE, 
DORI, DORIE and DMRIE. 
 
Many other monovalent cationic lipids have been investigated, among them O, 
O-ditertadecanoyl-N-(α-trimethylammonioacetyl) diethanolamine chloride (DC-6-14) 
holds great important. Liposomes, formed by DC-6-14 and cholesterol or DOPE 
(dioleyl phosphatidylethanolamine, Figure 2.4) as helper lipid, exhibit high 
transfection efficiency with regard to disseminated peritoneal tumor cells.103-105    
  These vast majority of cationic lipids with the charge accommodated on a nitrogen 
atom appear a relationship between the hydration of such mono-ammonium 
headgroups and the transfection.110 Schematically, the greater the imbalance between 
the cross-sectional area of the headgroup (small end) and the hydrophobic moiety 
(large end) –i.e. the more cone-shaped the cationic lipid – the more unstable the 
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resulting lipid assembly and so the greater the likeliness to undergo fusion with 
anionic vesicles. Lipoplex instability is presumed to result in improved transfection as 
fusion between the cationic lipoplex and the endosomal membrane leads to DNA 
release into the cytoplasm.111, 112 Such an instability can in fact be related to the 
formation of inverted hexagonal phases facilitating lipid mixing. It is well known that 
headgroup hydration can be decreased by incorporation of a hydroxyalkyl chain 
capable of hydrogen bonding to neighbouring headgroups, which reduced the space 
available to water and thereby the cross-sectional area of the headgroup. Accordingly, 
gene transfection by the lipids DOTMA and DOTAP was improved by incorporation 
of a hydroxyethyl group to yield vector DORIE (1,2-dioleoyl-3-dimethyl- 
hydroxyethyl ammonium bromide) and DORI (1,2-dioleoyloxypropyl-3–dimethyl- 
hydrooxyethyl ammonium chloride), respectively.110, 113 
  After dealing more extensively with amino-based headgroups, it is worth 
considering briefly the other elements that have shown capable of binding plasmids. 
Phosphonium groups as well as arsonium groups have been proven to be able to 
convey the positive charge and thereby incorporate phosphonate linkers.106 The order 
arsenic > phosphorous > nitrogen was found on testing the analogues in vitro, with the 
phosphonium and arsonium vectors being less cytotoxic than the ammonium-based 
lipid.107 Further, cationic phosphonolipids were found to be effective into mouse lungs 
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2.2.2.1.2 Polyvalent cationic lipids 
  As polyvalent cationic lipids may form liposomes with a greater surface charge 
density than their monovalent counterparts, they are generally expected to be better at 
DNA binding and delivery. Here, a highly rational approach was the incorporation of 
natural polyamines such as spermidine and spermine, which have a pre-characterized 
ability to interact with the minor groove of B-DNA.114 An example of such used 
mostly for transfection is dioctadecylamidoglicylspermin (DOGS, Figure 2.5).115 
Other known examples include DOSPA, (C8)2Gly Sper3+ and (C18)2Sper3+ (Figure 
2.5).116 The headgroups of DOGS interact strongly with the minor groove of DNA via 
the polyamine group, which differs from DOTMA in the way they interact with DNA. 
DOGS has been used to treat central nervous system diseases, and high transfection 
efficiency was reported through continuous injection compared to single injection.117 
It should ascribe to the presence of protonation sites with different pKa values in 
DOGS, which may actually result in buffering of the endosomal acidification, thereby 
protecting the DNA from degradation and facilitating its escape from the endosome. 
Other polyvalent cationic lipids, such as GB12118 and C14-CO119 (Figure 2.5) derived 
from natural glycine betaines (GBs) and cysteines respectively, have been reported for 
improving transfection efficiency. 
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Figure 2.5 Polyvalent headgroups for cationic lipids. 
  In addition, the polyvalent lipid MVL5120, 121 with branched polyamino headgroups 
was also present because the branched structure has the advantages of avoiding the 
folding problems of linear polyamine chains, and additional protonation sites without 
affecting DNA binding. Importantly, with more protonation sites per molecule, the 
resulting lipoplexes can thus achieve the same charge density with lesser amounts of 
the cationic lipid in the formation. This may be a simple solution to lessen the 
drawback of cationic lipid-associated cytotoxicity. 
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2.2.2.1.3 Guanidine-containing compounds 
  Guanidine and its salts, important intermediates for organic synthesis and medicine, 
have been used as cationic headgroups for making cationic lipids in the past several 
years.122-124 Among three library of guanidinium-containing transfection agents 
synthesized by Yingyongnarongkul et al.,122 the library 2 with two headgroups and 
one tail (See sample 1 in Figure 2.6) was found to be most effective for transfecting 
mammalian cell lines. Compared to detergents which produce a high degree of 
toxicity, this variety of compounds is safer to use in vivo. Herscovici et al.123 
connected guanidinium entity to hydrophobic domain via an unsaturated glycoside 
scaffold, and found these new compounds (See sample 2 in Figure 2.6) can effectively 
incorporate DNA. Further, Frederic et al.124 introduced cyclic guanidines into cationic 
lipids (See sample 3 in Figure 2.6). The biological evaluation and physicochemical 
characterization of these compounds are currently ongoing. 
 
Figure 2.6 Some samples for guanidine-containing cationic lipids 
2.2.2.1.4 Cholesterol derivatives 
  Cholesterol is known to play an important role in efficient gene transfer,  so a 
series of cholesterol derivative cationic lipids were synthesized.87, 125-130 DC-Chol87 
(Figure 2.7) commonly used for gene transfer was mixed with DOPE to study the 
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intracellular distribution of fluorescence in conjugated antisense oligonucleotides. The 
images showed that the antisense oligonucleotides were preferentially transferred into 
the nucleus of the target cells. Membrane fusion plays an important role in gene 
transfection mediated by cationic liposomes from DC-Chol.125 Takeuchi e al. reported 
that replacing the dimethylamino headgroup of DC-Chol by diethylamino and 
diisopropylamino groups resulted in a decreased gene delivery.126 This again is in 
agreement with a relationship between headgroup size and transfection efficiency as 
the alkyl chains may cause steric repulsion between neighbouring headgroups. The 
same research team also found that Lipid-A-Chol (Figure 2.7) was more efficient than 
its non-hydroxyethylated dimethyl tertiary amino homologue.127  
 
Figure 2.7 Structures of cholesterol-based lipids: DC-Chol and Lipid-A-Chol    
Blagbrough and co-workers have shown that the central tetramethylene motif of 
the polyamine spermine is crucial in conferring high transfection activity in a series of 
cholesterol-polyamine conjugates.128 Their aim was to design a polyamine headgroup 
that had an optimal interaction with DNA. The results suggested that the tetra- 
methylene portion of spermine might be able to bridge between the complementary 
strands of DNA, wheras a polyamine with a trimethylene central spacer would only 
interact with adjacent phosphate groups on the same DNA strand. A series of 
oligocationsoligo(ethylene)propylenimines containing one, two or three cholesteryl 
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moieties provide a possibility to vary hydrophobicity/hydrophilicity ratio inside the 
same group of transfection agents, which could be important to provide targeted 
delivery of therapeutic genes.129, 130 They represent a new group of transfection 
mediators with high transfection efficiency.   
   As discussed above, cationic liposomes are the most probable alternative to viral 
delivery systems due to the possibility of their application for gene delivery both in 
vivo and in vitro. However, cationic liposomes, especially those composed of 
monovalent cationic lipids, cannot condense DNA very efficiently, resulting in a very 
heterogeneous size distribution of the complex. Further, the major disadvantage of 
cationic liposomes as a gene delivery system is their relatively low transfection 
efficiency. Thus, in order to be successful, the future of cationic lipid-mediated gene 
delivery will probably require the development of sophisticated virus-like systems, 
which incorporate the various functions to perform in a chronological order the 
different steps involved in gene transfection. In addition, cationic polymers, which 
can condense DNA to form particulate complexes with a relatively small size, may be 
favorable for improving transfection efficiency. Therefore, polymer-based vectors 
have been receiving increasing attention in the past several years.  
2.2.2.2 Polymer-based vectors 
  Polymers can be specifically designed for the proposed application by choosing 
appropriate molecular weights, coupling of cell- or tissue-specific targeting moieties 
or performing other modifications that confer upon them specific physiological or 
physicochemical properties. After identifying a suitable polymer structure, a scale-up 
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to the production of large quantities is rather easy as well. Cationic polymers 
(polycations) used for gene delivery usually acquire their charge from primary, 
secondary, tertiary, and/or quaternary amino groups, which are capable of forming 
electrostatic complexes with DNA under physiological conditions. A wide array of 
polycations are currently being evaluated for gene delivery, which include those with 
linear, branched, dendritic and block or graft copolymer architectures.131-136 
2.2.2.2.1 Polyethylenimine (PEI) 
PEI, first introduced by Behr in 1995,137 has been known as an efficient gene 
carrier with the highest cationic charge density. Branched PEI composed of primary, 
secondary, and tertiary amines is one of the most extensively investigated cationic 
polymers used to condense and deliver DNA due to its superior transfection efficiency 
in a wide array of cells in vitro.138-140 Primary amines of PEI are reported to 
participate in forming complexes with DNA through ionic interaction with phosphate 
groups, while secondary and tertiary amines present a substantial endosomal 
disruption after endocytosis due to their buffering effect at physiological pH 
conditions.138, 141 Further, the high density of primary, secondary and tertiary amino 
groups exhibits excellent ‘proton sponge property’137 that is likely one of the crucial 
factors for the high transfection efficiencies. Although most of PEI used for gene 
transfection were highly branched species, it was reported that linear PEIs not only 
have lower cytotoxicity than branched PEIs, but also have similar transfection 
efficiency.142-145 In addition, it is generally believed that PEI with a molecular weight 
higher than 25 K displays high transfection efficiency and cytotoxicity, while PEI 
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with a molecular weight less than 1.8 K shows almost no transfection but is less 
toxic.146, 147  
 
Figure 2.8 Structures of PEIs and their derivatives used for gene delivery 
  Recently, a method was suggested that biodegradable PEIs with molecular weights 
high enough to show good transfection efficiency for the delivery of DNA could be 
prepared by combining oligo-PEIs through degradable links. After delivering DNA in 
to cells, these biodegradable PEIs degraded into oligo-PEIs that would show lower 
toxicity. Ahn et al.148 have reported biodegradable PEI obtained via linking oligo-PEI 
using difunctional PEG through biodegradable linkages. Petersen et al.149, 150 have 
also reported another biodegradable PEI by linking several oligo-PEI using an oligo 
L-lactic acid-co-succinic acid (LSA). These copolymers of PEI-PEG and P(EI-co- 
LSA) may be useful for the delivery of therapeutic genes and eventually for clinical 
applications, due to their water solubility, biodegradability and low cytotoxicity. But it 
was difficult to control the synthesis processes and the structures of the products 
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because of the multi-functionality of oligo-PEI. 
2.2.2.2.2 Poly(L-lysine) (PLL)  
  PLL, one of the first polymers used in nonviral gene deliver,151 is biodegradable 
due to its peptide structure, which makes it especially suitable for in vivo use. 
However, it elicits immunogenesis exhibiting modest to high toxicity. Further, 
transfection efficiencies of its complexes are several orders of magnitude lower than 
those of PEI complexes.152 A potential reason is the lack of amino groups with a pKa 
between 5 and 7 causing no endosomolysis and low levels of transgene expression. To 
enhance reporter gene expression, some methods were adopted such as the inclusion 
of targeting moieties or co-application of endosomolytic agents like chloroquine153 or 
fusogenic peptides,154 and attachment of histidine or other endolysomal-containing 
structures to PLL.155-157  
2.2.2.2.3 Polyamidoamine (PAMAM) dendrimers 
  PAMAM dendrimers are a class of nanoscopic, spherical, well-defined, highly 
branched, and monodispersed polymers that carry primary amino groups on the 
surface. The degree of branching is expressed in the generation of dendrimers. The 
6-generation starburstTM PAMAM dendrimers that mediate high efficiency 
transfection of a variety of suspensions and adherent cultured mammalian cells are the 
most commonly used dendrimers for gene delivery.158, 159 Similar to PEI, these outer 
amines enable efficient condensation of gene, leaving the inner amine functions 
available for a ‘proton sponge effect’ during endolysosomal acidification, thus 
enabling more efficient endosomal escape. Further, PEG-modified dendrimer160 and 
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cyclodextrin-modified dendrimer161, 162 have exhibited significant enhancement of 
gene expression with reduced cytotoxicity. In addition, structure/function 
relationships of PAMAM/DNA complexes were also investigated, such as the effect 
of the core structure and generation of dendrimers on the complex formation and 
transfection efficiency.163, 164    
2.2.2.2.4 Chitosan  
  Chitosan is a non-toxic biodegradable linear aminopolysaccharide with randomly 
distributed beta1-4 linked N-acetyl-D-glucosamine and D-glucosamine, derived from 
the common biopolymer chitin. Chitosan is a good candidate for gene carriers because 
positively charged chitosan can effectively bind DNA to form small (<100 nm), rather 
stable, toroidal complexes (depending on the molecular weigh and the degree of 
deacetylation), and protect it from nuclease degradation.165-168 The application of 
DNA-chitosan nanoparticles has advanced in vitro DNA transfection research, and the 
results show their usefulness for gene delivery.169, 170  
  The molecular weights of chitosan polymers have a significantly effect on their 
transfection efficiencies. For example, in the molecular weight range between 30 and 
170 kDa, chitosan polymers provide levels of gene expression that are comparable to 
PEI;171 but small (1.2 kDa) and very large chitosan polymers lead to minimal levels of 
reporter gene expression.172 When a pH-sensitive endosomolytic peptide is mixed into 
chitosan/DNA complexes, significantly increased levels of reporter gene expression 
can be observed165 indicating that endolysosomal escape may be a major limiting 
factor in gene delivery with chitosans, probably duo to the poor buffering capacity of 
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this polymer around pH 5.5.  
  Some modified chitosans have been investigated for gene delivery, however, no 
obvious evidence show that these modified polymers can greatly enhance transfection 
efficiency compared to standard chitosan/DNA formulations. The modified polymers 
investigated include lactosylated chitosan,169 galactosylated chitosan-graft-PEG,173 
quaternization of oligomeric chitosan,174 chitosan/DNA/ligand complexes,175 dodecyl- 
ated chitosan vector176, 177 and deoxycholic acid modified-chitosan vector.178     
2.2.2.2.5 Polyester, polyphosphate and polysaccharide grafting side chain amines 
 
Figure 2.9 Structures of some samples of polyester-g-amines, polyphosphate 
-g-amines and polysaccharide-g-amines  
    
In recent publications, the development of some new types of biodegradable, 
biocompatible, and water-soluble polycations was reported via grafting oligoamine 
residues onto main chains of polyester,179, 180 polyphosphate181-184 and natural 
polysaccharide.185-188 These polycations can successfully bind plasmid DNA, form 
complexes or nanoparticles and transfect many cell lines efficiently. The 
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biodegradability of polyester, polyphosphate and polysaccharide offers unique 
advantages, such as long-term safety and biocompatibility because they will not 
accumulate in cells. Further, it can provide a function of extracellular sustained 
release, and conceivably even intracellular sustained release. Therefore these gene 
delivery systems can substantially improve the bioavailability of DNA both inside and 
outside cells. These controlled release properties can be adjusted by varying the ratio 
of polycationic polymers and DNA (N/P ratio) as well as the molecular design of the 
carriers, which in turn can also influence the transfection efficiency in vivo.  
2.2.2.2.6 Biodegradable poly(amino ester)s 
Poly(amino ester)s are attractive materials for the development of new polymeric 
transfection vectors for several reasons: (1) poly(amino ester)s are pH-sensitive, 
biodegradable, and can condense plasmid DNA at physiological pH because they 
contain the requisite amines and readily degradable ester groups, (2) many analogues 
can be synthesized directly from commercially available amine and acrylate 
monomers in a single step without byproducts, and (3) if the resulting polymers were 
useful as DNA condensing agents, future generations of polymers could easily be 
engineered to possess amine of pKa values spanning the range of physiologically 
relevant pH. Recently, a semiautomated, solution-phase parallel synthesis and 
evaluation of a library of structurally diverse, linear poly(amino ester)s containing 
only tertiary amines in the backbones have been studied by Langer et al.189-192 The 
high-throughput screening of these materials resulted in the discovery of 47 polymers 
that transfect as well as or better than the current gold standard, PEI.191 The 
 
Chapter 2 Gene delivery vectors 
 35
structure/property relationships governing polymeric gene delivery were also 
investigated using this library of linear poly(amino ester)s.193 Some interesting results 
were disclosed. For example, in general, the most effective polymers condense gene 
into sub-150-nm complexes with positive surface charge. Among this group, the top 
polymers were all formed from amino alcohols, and the structure of the 3 top 
performing polymers differs by only one carbon. This convergence in structure of the 
top performing polymers may suggest a common mode of action and provide a 
framework with which future polymers can be designed.193 Furthermore, Lim et al. 
reported that hyperbranched poly(amino ester)s contained tertiary amine groups in the 
interior and primary amine groups in the exterior.194, 195 These kind of poly(amino 
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3.1 Michael addition reaction1, 2 
   The reaction of α, β-unsaturated aldehydes or ketones with nucleophilic reagents 
can proceed in two ways. One proceeds by a simple nucleophile addition of the 
double bond of the carbonyl group, and the other proceeds by a conjugate addition 
(namely called Michael addition reaction) as shown in Scheme 3.1: 
 























   In many instances, both modes of addition occur in the same mixture. However, 
the simple addition is favored for strong necleophiles, and the conjugate addition is 
favored for weak nucleophiles.  
There are three types of resonance structures of an α, β-unsaturated aldehyde or 







A B C  
The structures B and C are charged separately, but still make a significant 
contribution to the hybrid because the negative charge is carried by electronegative 
oxygen. Meanwhile, either the carbonyl carbon or the β carbon is positively charged 
in the structures B and C. Hence an α, β-unsaturated aldehyde or ketone can be 
expressed as:   
 
   A necleophilic reagent can attack either the carbonyl carbon or the β carbon. 
Almost all the necleophilic reagents capable of reacting with the carbonyl carbon of a 
simple aldehyde or ketone can attack the β carbon of α, β-unsaturated carbonyl 
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compounds. In many instances, the Michael addition is the major reaction path for 
weak nucleophiles.    
The mechanism of the Michael reaction of the carbanion-like enolate ion can be 











































In our work, the primary and secondary amines in the trifunctional amines are 
weak nucleophiles to react with α, β-unsaturated carbonyl compounds such as 
diacrylates or triacrylates, therefore, the Michael addition is the dominant reaction 
path. The mechanism of this type of addition is shown in Scheme 3.3. 
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3.2 Nuclear magnetic resonance spectroscopy 
   Nuclear magnetic resonance spectroscopy (NMR) is a technique that records 
transitions between the energy levels of magnetic nuclei in an external magnetic field. 
NMR spectroscopy involves absorption of the energy of electromagnetic radiation in 
the radio-frequency region by a sample placed in an external magnetic field. 
Absorption is a function of the magnetic properties of some atomic nuclei in the 
molecule. A plot of the absorption of radio-frequency energy versus the external 
magnetic field gives a NMR spectrum.3 
   The atomic nuclei can be classified according to their nuclear spins. The only 
nuclei which can absorb electromagnetic radiation are those for which the spin 
quantum number is greater than zero. The 1H (i.e., a proton) and 13C with spin number 
MI =1/2, placed in external magnetic field (H0), will have two orientations. The 
precessing proton and carbon (13C) in the parallel orientation can absorb energy (∆E) 
from the radio-frequency source and pass into the antiparallel orientation under one 
particular condition: if the precessing frequency is the same as the frequency of the 
radio-frequency beam, this condition is called nuclear magnetic resonance. The 
energy absorbed is recorded in the form of a NMR spectrum. 
The processional frequency of all protons or carbons (13C) in a sample placed in an 
external static magnetic field is for any one proton or carbon dependent on its 
chemical environment. The shift in frequency is called the chemical shift. The 
processional frequency of a group of nuclei is measured from the chosen reference 
due to that measurement in absolute frequency units is different. The area under each 
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NMR signal in the spectrum is proportional to the number of hydrogen atoms in that 
group. 
In our work, 1H-NMR and 13C-NMR spectra were obtained using a Bruker 
DRX-400 spectrometer. The sample was dissolved in a suitable deuterated solvent at a 
polymer concentration of 1-2% for 1H-NMR or 10-20% for 13C-NMR in specific 
sample tube. 
3.3 Differential scanning calorimetry 
   Usually, the specific volume (in ml g-1 or m3 kg-1) of an amorphous polymer 
changes linearly with increasing temperature up to a transition region, where a change 
of the slope occurs. At the glass transition temperature (Tg), the rate increases and a 
discontinuity is formed in the specific volume curve. The glass transition temperature 
is usually defined as the point at which the tangents of the two curves intersect. 
Differential scanning calorimetry (DSC) is often used to determine the glass 
transition temperature of a polymer.4 DSC is a technique which records the energy 
necessary to establish a zero temperature difference between a sample and a reference 
material against either time or temperature as the two specimens are subjected to 
identical temperature conditions in an environment heated or cooled at a controlled 
rate. 
Schematic DSC curves are plotted as a function of time or temperature at a constant 
rate of heating. The ordinate represents d∆Q/dt (the power difference between the 
sample and reference cell) for DSC measurements. The peak area between the curve 
and a baseline is proportional to the enthalpy change in the sample. A shift in the 
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baseline results from a change in the heat capacity of the sample. As a general rule, 
physical transitions in polymers are often from structures of varied size and 
configuration, and yield thermograms much broader than similar transitions in low 
molecular weight compounds. Glass transition causes abrupt changes in curve shape. 
The sample absorbs more heat because of its higher heat capacity. 
A sample of about 10 mg is placed in an aluminum pan that is sealed using a 
crimped sample pan. The glass transition temperatures (Tgs) of various samples were 
measured with a TA modulated DSC 2920 under nitrogen. Tg was obtained in the 
second scan at a heating rate of 10 oC/min from -150 to 180 oC after samples were 
heated from 25 to 180 oC followed by quenching to –150 oC using liquid nitrogen. 
3.4 Thermogravimetric analysis 
   Thermogravimetry (TG) is a technique which records the weight of a substance in 
an environment heated or cooled at a controlled rate as a function of time or 
temperature.4 An experimental plot of weight loss versus temperature is called a 
thermogram or thermogravimetric curve. In polymer science, thermogravimetry is 
mainly applied to the study of the degradation and thermal stability of polymer 
samples. 
  Thermogravimetric analysis (TGA) was conducted by scanning from 50 to 700 oC 
under nitrogen at a heating rate of 20 oC/min on a PerkinElmer TGA7, and Td was 
taken as the temperature at which a 5% weight loss happened. 
3.5 Gel permeation chromatography 
   Gel permeation chromatography (GPC) is a chromatographic technique that uses 
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highly porous, non-ionic gel beads for the separation of polydisperse polymers in 
solution. The general concept of the fractionation mechanism is that the largest 
macromolecules of the solute cannot penetrate the pores within the cross-linked gel 
beads, and thus are eluted first. Smaller macromolecules of the solute are retained in 
interstices within the gel beads and therefore require longer time to elute.5 
The distribution coefficient in GPC is defined as  
              K= Vsi/Vs                  (3.1) 
where Vsi is the pore volume of the beads accessible to permeation by the ith 
component with a specific molecular size, and Vs is the volume of the stationary phase. 
The value of K is dependent on molecular size and ranges from zero to unity. 
The GPC chromatogram is presented as a plot of detector response versus retention 
volume. It is usual to measure heights above the baseline and count, respectively. The 
GPC chromatogram of a sample is normalized before its shape is compared with the 
standard chromatogram. Polystyrene or polyethylene glycol with narrow molecular 
weight distribution is usually used as standards to calibrate the molecular weights of 
the samples. 
The peak heights as a function of the retention volumes are proportional to some 
value NiMi, where Ni is the number of molecules of the ith kind with molecular 
weight Mi. After calibration, it is easy to calculate the values Ni and NiMi2 and to 
obtain the sums necessary to calculate Mn and Mw and the polydispersities Mw/Mn. 
                  Mn = ∑ NiMi/∑ Ni      (3.2) 
                  Mw = ∑NiMi2/∑NiMi   (3.3) 
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In the present work, GPC was implemented on a Waters 2690 apparatus with a Waters 
410 refractive index detector, a miniDAWN light scattering detector (Wyatt 
Technology), using two columns in series (Waters Ultrahydrogel 120 and 250), 0.5 M 
acetic acid/0.5 M sodium acetate as eluent, and poly(ethylene glycol) standards for 
water-soluble samples, and employing Waters Styragel HR 4E and 5E columns, and 
0.1 M piperidine/THF as eluent and polystyrene standards for water-insoluble 
samples. 
3.6 Mass spectroscopy 
   Mass spectrometry (MS) is an analytical technique in which atoms or molecules 
from a sample are ionized (usually positively), separated according to their 
mass-to-charge ratio (m/z), and then recorded. The instrument used to carry out this 
measurement is called a mass spectrometer.6 
 In a mass spectrometer used for organic analysis, we are usually dealing with the 
analysis of positive ions derived from molecules rather than atoms. This is carried out 
using a variety of methods, such as gas-phase ionization (including electron ionization, 
chemical ionization, negative-ion chemical ionization, field desorption and ionization 
(including filed ionization, field-desorption), particle bombardment (including fast 
atom-bombardment, secondary ion mass spectrometry), atmospheric pressure 
ionization (including electrospray ionization (ESI), atmospheric pressure chemical 
ionization), laser desorption (like matrix-assisted laser desorption ionization 
(MALDI)). Simple ionization of a molecule is shown in the following equation: 
M: → M+· + e          (3.4) 
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The ion M+· is known as the molecular ion. The ion’s mass (m) and charge (z) are 
measured by the mass spectrometer and it is this ratio that is important. Furthermore, 
the molecular ion M+· may be fragmentized into new products, namely a 
fragmentation ion and a neutral particle through two fragmentation pathways as 
shown below: 
M+· → A+ + N· (3.5) 
M+· → B+· + N (3.6) 
Equation 3.5 shows fragmentation to an even-electron-fragment cation and an 
odd-electron neutral species. The neutral species may be an atom such as H·, or a 
radical such as OH·. Equation 3.6 shows fragmentation to an odd-electron ion and an 
even-electron neutral species. In this case, the neutral species may be a stable 
molecule such as C2H4 or CO, or an even-electron species such as an enol, 
CH2CHOH. 
   In our experiments, MS (ESI) was conducted on a Finnigan TSQ 7000. The spray 
voltage was 4.5 kV and the capillary temperature was set at 50, 100 or 250 oC. Here, 
ESI method was adopted to ionize molecules into positive ions. For the method, (1) 
the sample solution is sprayed across a high potential difference (a few kilovolts) 
from a needle into an orifice in the interface; (2) heat and gas flows are used to 
desolvate the ions existing in the sample solution; (3) the solution flow rates can range 
from less than a microliter per minute to several milliliters per minute; (4) it is 
well-suited for flow-injection and LC/MS techniques; and (5) it can produce multiply 
charged ions with the number of charges tending to increase as the molecular weight 
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increases. 
3.7 Laser dynamic light scattering  
  Dynamic light scattering (DLS), also known as photon correlation spectroscopy, is 
a technique used for particle sizing of samples, typically in the sub-micron range. The 
technique measures the time-dependent fluctuations in the intensity of scattered light 
from a suspension of particles undergoing random, Brownian motion. Analysis of 
these intensity fluctuations allows for the determination of the diffusion coefficients, 
which in turn yield the particle size.7 
  Commercial “particle sizing” systems mostly operate at only one angle (90 oC) and 
use red light (675 nm). Usually in these systems the dependence on concentration is 
neglected. 
  With this technique, it is the possibility to analyze samples containing broad 
distributions of species of widely differing molecular masses (e.g. a native protein and 
various sizes of aggregates), and to detect very small amounts of the higher mass 
species (<0.01% in many cases). Furthermore, it is also possible to obtain absolute 
measurements of several parameters of interest, like molecular weight, hydrodynamic 
radius, radius of gyration, translational diffusion constant and so on. 
  In my study, a Brookhaven BI-9000AT Digital Autocorrelator was used for 
dynamic light scattering measurements. The scattering angle was fixed at 90o for 
measuring hydrodynamic radius (Rh). Rh and polydispersity (PDI), i.e., <µ2>/Γ2, were 
obtained using a cumulant analysis.  
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3.8 Small angle X-ray scattering 
  Small angle X-ray scattering (SAXS) is a well-established characterization method 
for microstructure investigations in various materials. It can probe structural 
inhomogeneities (really electron density differences) from the near atomic scale (1 nm) 
to the micron scale (1000 nm). The method involves measuring the scattered X-ray 
intensity as a function (typically small) scattering angle angles and is generally 
performed in transmission. SAXS is used to characterize the size scale of 
inhomogeneities (e.g, pores, inclusions, second phase regions) in polymer blends, 
microemulsions, geological materials, bones, cements and ceramics.8, 9 
  Unlike an electron micrograph, SAXS patterns do not give morphological 
information directly. The result of a SAXS experiment is essentially the intensity of 
the Fourier transform of the electron density and must be interpreted in order to 
determine morphology. One fundamental problem with any scattering experiment is 
that two different morphologies can, in theory, give identical scattering patterns. 
Generally, one cannot reconstruct the exact microstructure uniquely from a SAXS 
pattern because in a scattering experiment only the scattered radiation intensity can be 
measured and all phase information is lost. Therefore, one cannot be absolutely sure 
that a scattering pattern is due to a particular morphology. However, it is reasonable to 
assume that if a particular model is shown to fit the scattering pattern, then the model 
is a correct description of the morphology. Nevertheless, many different approaches 
exist to extract morphological information from a SAXS pattern. 
 
 





Figure 3.1 The scattering vector q 
  On the basis of general scattering theory, when X-rays of known wavelength are 
scattered, a scattering vector, q, can be defined that is equal to 2π/λ(S-So). This 
important definition is based on the wavelength of radiation, λ, and unit vectors in the 
incident and scattered X-ray directions, respectively, So and S. As shown in Figure 
3.1, the angle between So and S is 2θ. Thus the resulting magnitude of the scattering 
vector, q, is equal to 4πsinθ/λ. The scattering vector is the basis for all scattering 
equations. 
  Incoherent or Compton scattering, which is virtually nonexistent at small angles, 
refers to scattered waves that have changed phase and wavelength. Neglecting 
Compton scattering (no phase change and no wavelength change), the coherent 
scattering of X-rays is mathematically represented by Equation 3.7. (Debye Scattering 
Equation )  
I(q) = Σi Σj fi(q) fj(q) sin(qRij)/qRij               (3.7) 
In this equation, I(q) is the angle dependent intensity, the sums over i and j are over all 
the atoms, Rij is the distance between the atom i and j, and fi and fj are the angle 
dependent atomic scattering factors. 
  In this study, SAXS was performed on a SAXS system (Bruker AXS Inc. NanoStar 
SAXS) with a pinhole collimation configuration and a Cu Kα (λ = 1.5418 Å) radiation 
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source. SAXS signal was detected using a two-dimensional multi-wire proportional 
HI-STAR area detector corrected for dark current, empty beam, solution cell and 
solvent contributions. Samples were scanned at a voltage of 40 kV and a current of 35 
mA. Scattering intensity I(q) and corresponding wave vector q were collected for 
analysis, where λθπ sin4=q , θ and λ are the scattering angle and the wavelength 
of x-ray, respectively.  
3.9 Agarose gel electrophoresis assay 
   Agarose gel electrophoresis is a method for separating and visualizing DNA 
fragments produced by restriction digestion of DNA. The fragments are separated by 
charge and size by forcing them to move through an agarose gel matrix which is 
subjected to an electric field. The electric field is generated by applying potential 
(voltage) across an electrolytic solution (buffer). Agarose is a natural polysaccharide 
of galactose and 3, 6-anhydrogalactose derived from agar, which is obtained from 
certain marine red algae. When boiled in an aqueous buffer it dissolves, then upon 
cooling solidifies to a gel. Agarose gels are now used routinely to monitor the results 
of DNA extractions, recombinant plasmid constructions, restrictions and polymerase 
chain reaction, and form the basis of techniques such as Southern/Northern 
hybridization and DNA fragment purification.10 
  Most agarose gels are run under non-denaturing conditions, using one of the three 
buffers, tris-borate (TBE), tris-acetate (TAE) and tris-phosphate (TPE) buffers. A 
range of loading buffers have been formulated for non-denaturing agarose gel 
electrophoresis, like SBX (40% w/v sucrose, 0.25% w/v bromophenol blue and 0.25% 
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w/v xylene cyanol), FBX (15% w/v Ficoll 400, 0.25% w/v bromophenol blue and 
0.25% w/v xylene cyanol) and GBX (30% w/v glycerol, 0.25% w/v bromophenol 
blue and 0.25% w/v xylene cyanol). The important components are the tracking dyes 
(bromocresol green, bromophenol blue and xylene cyanol), which enable the progress 
of the run to be monitored.  
  The speed of migration of DNA in an agarose gel is directly proportional to the 
applied voltage, although not in a linear manner. As the voltage applied to a gel is 
increased, larger fragments migrate proportionally faster than small fragments. For 
that reason, the best resolution of fragments larger than about 2 kb is attained by 
applying no more than 5 volts per cm to the gel (the cm value is the distance between 
the two electrodes, not the length of the gel).  
  Nucleic acids are not colored, and therefore it is necessary to make them visible in 
some way in order to determine their position in an agarose gel after electrophoresis. 
The most common method involved staining the nucleic acids with ethidium bromide 
(a fluorescent dye), and then detecting the DNA or RNA-bound dye with ultraviolet 
lamps. 
  In this study, plasmid DNA (pRE-Luc) was diluted to the chosen concentration 
(usually 0.5-2.0 µg/µL) in 5% glucose, with vortexing. Various amounts of 0.1-1 
mg/mL solution of polymers in 5% glucose were added slowly to the DNA solutions. 
The amount of polymers added was calculated based on the weight ratios of polymer 
and DNA. After the solution was incubated at ambient temperature for 30 min with 
gentle vortexing, the formed polymer/DNA complexes were mixed with a loading 
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buffer and loaded onto a 1% agarose gel containing ethidium bromide. Gel 
electrophoresis was run at room temperature in HEPES buffer (20 mM, pH = 7.2) at 
80 V for 60 min. DNA bands were visualized by an UV (254 nm) illuminator. 
3.10 Cytotoxicity assay 
   Cytotoxicity assays measure drug-induced alterations in metabolic pathways or 
structural integrity which may or may not be related directly to cell death, whereas 
survival assays measure the end-result of such metabolic perturbations, which may be 
either cell recovery or cell death. Theoretically, the only reliable index of survival in 
proliferating cells is the demonstration of reproductive integrity, as evidenced by 
clonogenicity. Metabolic parameters may also be used as a measure of survival when 
the cell population has been allowed time for metabolic recovery following drug 
exposure.11 
  Some cytotoxicity assays offer instantaneous interpretation, such as the uptake of a 
dye by dead cells, or release of chromium or fluorescein from pre-labelled cells. 
These have been termed tests of viability, and are intended to predict survival rather 
than measure it directly. On the whole these tests are good at identifying dead cells 
but may overestimate long-term survival. Most imply a breakdown in membrane 
integrity and irreversible cell death.  
  Other aspects of cytotoxicity, measuring metabolic events, may be more accurately 
quantified and are very sensitive, but prediction of survival is less certain as many 
forms of metabolic inhibition may be reversible. In these cases impairment of survival 
can only be inferred if depressed rates of precursor incorporation into DNA, RNA, or 
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protein are maintained after the equivalent of several cell population doubling times 
has elapsed. 
  Membrane integrity is the commonest measurement of cell viability at the time of 
assay. It will give an estimate of instantaneous damage (e.g. by cell freezing and 
thawing), or progressive damage over a few hours. Beyond this, quantitation may be 
difficult due to the loss of dead cells by detachment and autolysis. These assays are of 
particular importance for toxic agents which exert their primary effect on membrane 
integrity. 
  Several methods are now available for measuring membrane integrity, such as 
chromium release, enzyme release assays, dye exclusion and fluorescent dyes. In this 
study, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), one of 
fluorescent probes, was used to determine membrane integrity. MTT assay, first 
described by Mosmann in 1983, is based on the ability of a mitochondrial 
dehydrogenase enzyme from viable cells to cleave the tetrazolium rings of the pale 
yellow MTT and form a dark blue formazan crystal which is largely impermeable to 
cell membranes, thus resulting in its accumulation within healthy cells. Solubilisation 
of the cells by the addition of a detergent results in the liberation of the crystals which 
are solubilized. The number of surviving cells is directly proportional to the level of 
the formazan product created. The color can then be quantified using a simple 
colorimetric assay. The results can be read on a multiwell scanning spectrophotometer 
(ELISA reader). 
  A detailed protocol is shown below. Cells were cultured in DMEM supplemented 
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with 10% FBS at 37 oC, 10% CO2, and 95% relative humidity. For the cell viability 
assay, polymer solutions were prepared in serum supplemented tissue culture medium.  
pH and osmolarity of the preparations were routinely measured and adjusted to pH 7.4 
and 280-320 mosm/kg. The cells (10,000 cells/well) were seeded into 96-well 
microtiter plates (Nunc, Wiesbaden, Germany). After overnight incubation, the culture 
medium was replaced with 100 µL of serial dilutions of the polymers, and the cells 
were incubated for another 12 h. Then medium with polymer extraction was aspirated 
and replaced by 100 µL of DMEM without serum to minimize the change of 
aggregate formation between the charged sites of proteins and polymer before adding 
MTT assays. 20 µL of sterile filtered MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide) (5 mg/mL) stock solution in phosphate buffered saline 
(PBS) was added to each well. After 4 h, unreacted dye was removed by aspiration. 
The formazan crystals were dissolved in 100 µL/well DMSO (BDH laboratory 
Supplies, England) and measured spectrophotometrically in an ELISA reader 
(Model 550, Bio-Rad) at a wavelength of 570 nm. The spectrophotometer was 
calibrated to zero absorbance using culture medium without cells. The relative cell 
growth (%) related to control cells containing cell culture medium without polymer 
was calculated by [A]test/[A]control × 100. 
3.11 DNA transfection efficiency  
  Transfection, which is the process by which exogenous DNA in solution is 
introduced into cells, or the introduction of foreign DNA into eukaryotic or 
prokaryotic cells, is a powerful tool for cloning genes that give rise to phenotypic 
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effects in the transfected cells.12 
  Gene transfer methods by transfection can be classified into two major categories: 
biochemical and physical. The biochemical methods include viral and non-viral 
transfection, and physical transfection is achieved by electroporation. Non-viral 
transfection mainly has two methods: lipid-mediated and polymer-based transfections. 
In our transfection experiments, synthetic cationic polymers were used as carriers of 
the exogenous DNA, namely polymer-based transfection. 
   The method of polymer-based transfection is recently the most widely used 
technique for the transfection of mammalian cells. But until now, many work still 
need to be done for obtaining higher transfection frequencies for both stable and 
transient expressions of exogenous genes. Various polymers are commercially 
available, or easily synthesized, but it is important to bear in mind the transfection 
efficiency depends very much on the cell type and also the chemical and physical 
structure of the cationic polymers, particularly with respect to the polymer size and 
cationic head group. Thus preparations must be compared to identify the formulation 
that gives the best transfection efficiency for the cell line of interest. Other significant 
factors in using these reagents for DNA transfection are polymer/DNA ratio, their 
concentrations, DNA quality, cell culture density, and the duration of exposure of cells 
to the polymers. A starting point for optimizing the transfection condition is described 
below. 
  Cells were seeded 24 h prior to transfection into 24-well plates (Becton-Dickinson, 
Lincoln Park, N.J) at a density of 5 × 104 per well with 0.5 mL of complete medium. 
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After replacing the medium in each well with 500 µL of serum free DMEM or 
complete medium, 100 µL of polymer/DNA complexes prepared with various weight 
ratios at a DNA dose of 2 µg/well were dropped into each well and incubated with the 
cells for 4 h at 37 °C. The medium was replaced with 0.5 mL of fresh complete 
medium, and the cells were further incubated for 48 h. After drawing out medium and 
washing the well using 0.3 mL of PBS (1X), the cells were permeabilized with 200 
µL of cell lysis buffer (1X) (Promega Co., Wis.). After being frozen at -78 oC for 20 
min followed by returning to room temperature for twice cycles, the complexes was 
collected. After centrifugation (15000/5 min at 4 oC), the luciferase activity in the 
complexes was measured using a luciferase assay Kit (Promega Co., Madison, Wis.) 
on a single-well luminometer (Berthold Lumat LB 9507, Germany). The light units 
(LU) were normalized against protein concentration in the cell extracts, which was 
measured using a protein assay kit (Bio-Rad Labs, Hercules, California). All the 
transfection tests were performed in quadruplicate. 
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4.1 Introduction  
  Gelation happens in polymerizations of A2 + B3 monomers of equal reactivity 
when monomer conversions surpass gel points, which can be predicted theoretically 
based on the chemistries and compositions of feed monomers.1 However, for 
polymerizations of A2 + B3 monomers of unequal reactivity, more parameters, i. e, the 
ratios of kinetic reaction constants of the functional groups of different reactivity, are 
needed for predicting the gel points but it is difficult to get these parameters 
accurately.1-3 Furthermore, the mechanisms of the polymerizations of A2 + B3 
monomers of unequal reactivity get complicated due to many possible reaction 
routes.4 When the reactivity of functional groups was sufficiently different, the 
polymerizations were suggested to be multistage processes.5, 6  
 Hyperbranched polymers have attracted much attention due to their distinct 
structures and properties from their linear analogues and wide applications.7, 8 
Recently some of the polymerizations of A2 + B3 monomers of unequal reactivity 
have been demonstrated to be practical approaches to preparing hyperbranched 
polymers.9-15 For example, hyperbranched polyamides were prepared from 
commercial available diamines (A2) and trimesic acid (B3),9-11 hyperbranched 
polyimides were synthesized from diamines (A2) and trifunctional anhydrides(B3)12, 13 
or dianhydrides (A2) and trifunctional amines (B3)14 by adopting practical monomer 
concentrations and performing polymerizations in one pot, and hyperbranched 
polyurethanes were obtained from diisocyanate (A2) and polyol (B3).15 In comparison, 
ABm monomer approaches started from specific ABm monomers normally prepared 
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by several steps,16-20 and stringent polymerization conditions, such as very low 
monomer concentrations, strictly controlled feed molar ratios, slow monomer addition 
rates and conversions below gelation points, needed to be obeyed for the 
polymerizations of A2 + B3 monomers of equal reactivity to avoid gelation, which 
would hinder their practical applications.21-24 Nevertheless a clear understanding of 
the complicated mechanisms of the polymerizations of A2 + B3 monomers of unequal 
reactivity is a prerequisite to properly apply this approach to preparing hyperbranched 
polymers. 
 Recently poly(amino ester)s only containing tertiary amines prepared from the 
Michael addition polymerizations of diamines and diacrylates have been 
demonstrated to be promising biomaterials for delivery of DNA and pH-sensitive drug 
delivery,25-30 Novel kinds of poly(amino ester)s of different amine constitutions such 
as containing primary/secondary/tertiary amines and different architectures are still 
desirable due to their different functions in these applications.31, 32 Therefore we were 
motivated to get a clear understanding of the mechanisms of the Michael addition 
polymerizations of trifunctional amines and diacrylates, and thereon design and 
synthesize novel poly(amino ester)s. In this chapter, the mechanisms of the Michael 
polymerizations of some typical trifunctional amines and diacrylate are investigated 
by using NMR in-situ to monitor the polymerization processes, and the effects of the 
chemistries of trifunctional amines on the mechanisms of polymerizations are 
discussed. 
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4.2 Experimental section 
4.2.1 Materials 
1,4-Butanediol diacrylate (BDA, 90%), 1-(aminoethyl) piperazine (AEPZ, 99%), 
N-ethyl ethylenediamine(EEDA, 98%), N-hexyl ethylenediamine(HEDA, 97%) and 
N-methyl piperazine (MPZ, 99%) were purchased from Aldrich. 4-Aminomethyl 
piperidine (AMPD, 99%) and N-methyl ethylenediamine (MEDA, 95%) were 
obtained from Lancaster. Chloroform, acetone, diethyl ether and hexane were 
purchased from Tedia, and 37.5% hydrochloric acid was obtained from J. T. Baker. 
All the reagents were used as received.  
4.2.2 In situ monitoring polymerization processes 
Typically, an equimolar BDA was added into the solution of AMPD in deuterium 
chloroform in a NMR tube. The monomer concentration was around 25 % (w/v) and 
the polymerization was performed at 40 oC. The 13C-NMR spectrum was recorded 
using a power-gated decoupling program (PD). 200 times scan taking around 10 min 
was enough to get a good 13C-NMR spectrum. Meanwhile, the conversions of BDA 
were measured by 1H-NMR based on Equation 4.1, 
%100)3/21()(% 0.44.66.5 ×−= − IIconversionBDA          (4.1) 
where 4.66.5 −I  and 0.4I  were the integral intensities of peaks at ca. 5.6-6.4 and 4.0 
ppm attributed to the protons attached to the carbons in the vinyl groups and the 
α-carbons in the 1,4-butanediol units, respectively. 
4.2.3 Syntheses of polymers  
A typical process was that 2.02 g (9.2 mmol) of BDA was added into a solution of 
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1.06 g (9.2 mmol) of AMPD in 10 mL of chloroform. The polymerization was 
performed at 50 oC and monitored by 1H-NMR. When the peaks attributed to the 
vinyl groups at around 5.6-6.4 ppm almost disappeared, 0.1 g of AMPD (or MPZ) was 
added to terminate the residual vinyl groups to avoid side reactions during purification. 
After 24 h, the solution was precipitated into 300 mL of diethyl ether or hexane under 
vigorously stirring. The polymer was collected and purified by reprecipitation from a 
chloroform solution into diethyl ether followed by drying under vacuum at 50 oC for 3 
days. 
4.3 Results and discussion 
4.3.1 Mechanisms of polymerizations 
Typical trifunctional amines AEPZ, AMPD, MEDA, EEDA, and HEDA, were 
adopted for the Michael addition polymerization with an equimolar BDA. AEPZ and 
AMPD contain one secondary cyclic aliphatic amine and one primary amine, 
meanwhile, MEDA, EEDA and HEDA are linear aliphatic amines containing one 
secondary amine and one primary amine but steric hindrance on the secondary amines 
increases consecutively. The polymerizations of these trifunctional amine monomers 
and BDA would take days to complete in chloroform at ca. 40 oC, and a good 13C 
NMR spectrum could be obtained in around ten minutes with a suitable monomer 
concentration, therefore NMR was then applied to in situ monitoring of the 
polymerization processes. Based on the changes in the characteristic peaks during the 
polymerizations, especially those of carbons adjacent to the amines, the mechanisms 
of polymerizations were investigated. The peaks of these carbons adjacent to amines 
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in 13C NMR spectra were assigned based on the 13C NMR spectra of the pure 
trifunctional amines and the principles to predict the positions of carbons in 13C NMR 
spectra.33      
4.3.1.1 Polymerization of BDA + AEPZ and BDA + AMPD 
 




























































Figure 4.1 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + AEPZ with a 1:1 feed molar ratio of AEPZ to 
BDA and a monomer concentration of 25% (w/v) at 40 oC for a) 1.16 h; 
b) 12.50 h; c) 313.3 h; and d) 433.5 h (for d, the feed molar ratio of 
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The polymerizations of BDA + AEPZ and BDA + AMPD have similar mechanisms, 
which was reasonable due to the similar primary and secondary amine chemistries in 
AEPZ and AMPD. Figures 4.1 and 4.2 show the 13C-NMR spectra of carbons adjacent 
to amines at different stages of the polymerizations of BDA + AEPZ and BDA + 
AMPD, respectively. At the early stage of polymerizations, only the 2o cyclic aliphatic 
amines (original) in AEPZ and AMPD are conjugated to the vinyl groups of BDA. 
Figure 4.1a shows that this reaction relocates the peaks of carbon a1, b1, c1 and d1 in 
AEPZ from ca. 39.1, 62.3, 55.2 and 46.6 to a2, b2, c2 and d2 at ca. 39.3, 61.6, 53.6 and 
53.3 ppm, and produces new peaks attributed to carbon e2 and f2 at ca. 53.9 and 32.8 
ppm; and Figure 4.2a reflects that the peak positions of carbon a1, b1, c1, and d1 in 
AMPD shift from ca. 48.9, 40.2, 31.5 and 46.9 ppm to a2, b2, c2, and d2 at ca. 48.4, 
39.5, 30.2, and 53.7 ppm, and new peaks attributed to carbon e2 and f2 at 54.2 and 
32.7 ppm appear. Figure 4.1b reveals that the following reaction of the 1o amines in 
AEPZ changes the peaks of carbon a2 and b2 from ca. 39.3 and 61.6 ppm to those of 
a3 and b3 at ca. 46.9 and 58.2 ppm further, and renders carbon g3 and h3 with peaks 
located at ca. 45.7 and 35.3 ppm, but has no effect on the positions of the peaks of 
carbon c2, d2, e2 and f2, respectively. Similarly, Figure 4.2b depicts that the reaction of 
1o amines in AMPD alters the peak positions of carbon a2, b2 and c2 from ca. 48.4, 
39.5 and 30.2 ppm to a3, b3 and c3 at ca. 56.0, 36.3 and 30.8 ppm further and forms 
carbon g3 and h3 with peaks located at ca. 45.5 and 35.0 ppm, but keeps the positions 
of the peaks of carbon d2, e2 and f2, respectively. To identify the peaks related to the 
participation of the 2o amines (formed) in the polymerization, a polymerization 
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adopting a double molar BDA for the polymerization of BDA + AEPZ was monitored, 
and the evidential results are shown in Figure 4.1d, which clearly indicates that the 
changes from the 2o amines (formed) to tertiary amines shifts those peaks of carbon a3, 
b3, g3 and h3 to ca. 51.6, 56.8, 50.0 and 32.7 ppm, respectively, with those of carbon c3, 
d3, e3 and f3 unchanged. 
 
Scheme 4.2 The mechanism of the Michael addition polymerization of AMPD with 














Figure 4.2 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + AMPD with a 1:1 feed molar ratio of AMPD 
to BDA and a monomer concentration of 25% (w/v) at 40 oC for a) 0.25 
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The conversions of the three types of amines, i.e., 2o amines (original), 1o amines, 
and 2o amines (formed), in AEPZ and AMPD during the polymerizations could be 
calculated based on Figures 4.1 and 4.2. The results are tabulated in Table 4.1 together 
with the conversions of BDA, which can be used as an indicator of the polymerization 
process. As listed in Table 4.1, for the polymerization of BDA + AEPZ, almost only 
80% of the 2o amines (original) attend the reaction when the conversion of BDA 
reaches ca. 40%; and for the polymerization of BDA + AMPD, almost only 60% of 
the 2o amines (original) attend the reaction when the conversion of BDA is ca. 30%, 
so intermediate A1B1 and A2B2 as illuminated in Schemes 4.1 and 4.2 should be 
formed in the two polymerizations, respectively. Further, when the conversions of 
BDA are increased to ca. 72% for BDA + AEPZ and ca. 63% for BDA + AMPD, all 
the 2o amines (original) are completely used up and all the 2o amines (formed) are 
kept intact in both polymerizations, and ca. 44% and 26% of the 1o amines join in the 
polymerizations of BDA + AEPZ and BDA + AMPD, respectively. When the 
conversion of BDA is close to 100% for the two polymerizations, all the 1o amines 
participate in the reactions but a negligible amount of the 2o amines (formed) are 
involved in the reactions. Furthermore, the reactions of the 1o amines only produce 
linear poly(amino ester)s without forming a detectable amount of intermediate A1’B1’ 
or A2’B2’as shown in Schemes 4.1 and 4.2 due to no corresponding peaks appeared in 
Figures 4.1 and 4.2. Apparently, the reactivity of the three types of amines in AEPZ 
and AMPD was significantly different, and the reactivity sequence was 2o amines 
(original) > 1o amines >> 2o amines (formed). The mechanisms of the Michael 
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addition polymerizations of BDA + AEPZ and BDA + AMPD can be described by 
Schemes 4.1 and 4.2, respectively.  
 
Table 4.1 The conversions of different functional groups in the polymerization 
processes of the trifunctional amine monomers with an equimolar BDA.a 
 
Conversion (%) 
amine reaction time (h) BDAb 2o amine (original) 1o amine d 2o amine 
(formed) 
 1.16 40 80c 0 0 
AEPZ 12.50 72 100 44 0 
 313.3 100 100 100 0 
 0.25 30 60c 0 0 
AMPD 5.40 63 100 26 0 
 174.3 100 100 100 0 
 0.60 22 - - 0 
MEDA 29.25 85 100 70 0 
 173.5 100 100 100 0 
 
aThe polymerizations were performed with a monomer concentration of ca. 25% (w/v) 
at 40 oC in deuterium chloroform. b %100)3/21()%( 0.44.66.5 ×−= − IIconversionBDA , 
4.66.5 −I  and 0.4I  were the integral intensities of the peaks at ca. 5.6-6.4 and 4.0 ppm 
attributed to the protons attached to the carbons in the vinyl groups and the α-carbons 
in the 1,4-butanediol units in 1H-NMR, respectively. c2o amine (original)% = BDA%× 
2. d1o amine % = BDA%× 2 - 2o amine (original)%. 
 
4.3.1.2 Polymerization of BDA + MEDA 
The mechanism of the polymerization of BDA + MEDA was different from that of 
BDA + AEPZ or BDA + AMPD at the early stage of polymerization. Figure 4.3 
depicts the changes in the peak positions of carbons adjacent to amines in MEDA 
during the polymerization. Figure 4.3a reflects that both the 2o (original) and 1o 
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amines join in the reaction at the early stage of polymerization. The conjugation of the 
2o amines (original) to the vinyl groups shifts the peaks of carbon a1, b1, and c1 in 
MEDA from ca. 36.6, 55.0 and 41.8 to a2, b2, and c2 at ca. 39.7, 60.5, and 42.2 ppm, 
and produces new peaks attributed to carbon e2 and f2 at ca. 53.2 and 33.0 ppm, 
respectively; the conjugation of the 1o amines moves the peaks of carbon a1 and b1 
from ca. 36.6 and 55.0 to a2’and b2’ at ca. 49.2 and 51.7, and renders new peaks 
attributed to carbon g2 and h2 at ca. 45.3 and 35.1 ppm, respectively, but has no effect 
on the position of the peak of carbon c1. Therefore, two kinds of intermediate, A3B3 
and A3’B3’, appear at the early stage of polymerization as described in Scheme 4.3. 
Figure 4.3b and 4.3c shows that the further reaction of the 1o amines in intermediate 
A3B3 and the 2o amines (original) in A3’B3’ leads to formation of a linear poly(amino 
ester) as reflected by the disappearance of the characteristic peaks of A3B3 and A3’B3’, 
the appearance of the peaks attributed to carbon a3, b3, c3, e3, f3, g3, and h3 of linear 
poly(amino ester) at ca. 47.1, 57.1, 42.2, 53.1, 32.8, 45.1 and 35.1 ppm, respectively, 
and a negligible amount of the 2o amines (formed) involved in the polymerization as 
shown by the relatively very small corresponding peaks.  
The conversions of the 2o (original) and 1o amines were not pursued for the early 
stage of polymerization, but were calculated based on Figure 4.3 for later stages, and 
are tabulated in Table 4.1. When the conversion of BDA is ca. 85%, all the 2o amines 
(original) disappear, 70% of the 1o amines attend the polymerization and no detectable 
2o amines (formed) are consumed. When the conversion of BDA is ca. 100%, the 
conversion of the 1o amines is ca. 100% with the 2o amines (formed) being intact. 
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Based on these results, it could be concluded that the amine reactivity sequence still 
was 2o amines (original) > 1o amines >> 2o amines (formed) but the reactivity 
difference between the 2o amines (original) and 1o amines was not so big as in AEPZ 
and AMPD. The mechanism of the polymerization of BDA+MEDA can be described 
as in Scheme 4.3.  
 
Scheme 4.3 The mechanism of the Michael addition polymerization of MEDA with 













Figure 4.3 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + MEDA with a 1:1 feed molar ratio of MEDA 
to BDA and a monomer concentration of 25% (w/v) at 40 oC for a) 0.60 
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4.3.1.3 Polymerization of BDA + EEDA or BDA + HEDA 
The mechanisms of the polymerization of BDA + EEDA or BDA + HEDA got even 
more complicated as compared with that of BDA + MEDA and branched polymers 
were produced in the polymerizations. 



















Figure 4.4 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + EEDA with a 1:1 feed molar ratio of EEDA to 
BDA and a monomer concentration of 25% (w/v) at 40 oC for a) 6.00 h; 
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Figure 4.5 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + HEDA with a 1:1 feed molar ratio of HEDA to 
BDA and a monomer concentration of 25% (w/v) at 40 oC for a) 5.75 h; 
b) 74.33 h; c) 174.2 h. 
 
 Figures 4.4a and 4.5a indicates that both the 2o (original) and 1o amines in EEDA 
and HEDA participate in the reaction at an early stage of polymerizations. In Figure 
4.4a for EEDA, the conjugation of 1o amines to vinyl groups forming intermediate 
A4B4 moves the peak positions of carbon a1 and b1 at ca. 42.1 and 52.8 ppm to a2 and 
b2 both at 49.5 ppm, and produces new peaks attributed to carbon e2 and f2 at 45.3 and 
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35.1 ppm, respectively, but has no effect on the peak position of carbon c1. Meanwhile, 
the reaction of 2o amines (original) leading to intermediate A4’B4’ shifts the peak 
positions of carbon a1, b1 and c1 from ca. 42.1, 52.8 and 44.3 ppm to a2’, b2’ and c2’ at 
ca. 40.0, 56.7 and 47.8 ppm, renders new peaks attributed to carbon g2 and h2 at 49.3 
and 33.1 ppm, respectively. Similarly in Figure 4.5a for HEDA, the reaction of 1o 
amines leading to intermediate A5B5 shifts the peak positions of carbon a1 and b1 from 
ca. 42.2 and 53.0 to a2 and b2 at 49.6 and 49.7 ppm, provides new peaks attributed to 
carbon e2 and f2 at 45.3 and 35.2 ppm, respectively, but almost has no effect on the 
peak positions of carbon c1 and d1. Meanwhile, the reaction of the 2o amines (original) 
forming intermediate A5’B5’ moves the peak positions of carbon a1, b1, c1 and d1 from 
ca. 42.2, 53.0, 50.3 and 30.5 to a2’, b2’, c2’ and d2’ at ca. 40.1, 57.4, 54.4 and 33.1 ppm, 
and produces new peaks attributed to carbon g2 and h2 at 50.0 and 35.4 ppm, 
respectively. For both EEDA and HEDA, the higher integral intensities of the 
characteristic peaks of the intermediate A4B4 or A5B5 than those of A4’B4’ or 
A5’B5’suggest that the 1o amines are more reactive than the 2o amines (We found that 
the quantitative results obtained from 13C NMR acquired by a power-gated 
decoupling program (PD) were close to these obtained from quantitative 13C NMR 
acquired by an inverse-gated broadband decoupled technique (INVGATE)). 
When the polymerizations proceeded, Figure 4.4b or 4.5b reflects all the 
intermediate A4’B4’ or A5’B5’ vanish leading to linear units L4 or L5 through the 
reaction of the 1o amines, which further confirms that the 1o amines are more reactive 
than the 2o amines (original). These reactions are illustrated by the disappearance of 
Chapter 4 Effects of chemistries of trifunctional amines on  
                mechanisms of Michael addition polymerizations with diacrylates   
 80
the characteristic peaks of A4’B4’ such as a2’ peak at ca. 40.0 ppm and the appearance 
of these peaks of L4 such as c3 at ca. 47.7 ppm in Figure 4.4b, and by the 
disappearance of peaks of A5’B5’ such as a2’ peak at ca. 40.1 ppm in Figure 4.5-2b and 
the appearance of peaks of L5 such as a3 at ca. 47.6 ppm in Figure 4.5-1b, respectively. 
The linear unit L4 or L5 could also be formed from the intermediate A4B4 or A5B5 
via the reaction of the 2o amines (original). In addition, Figure 4.4b or 4.5b displays 
that the 2o amines (formed) in the intermediate A4B4 or A5B5 can also join in the 
reaction forming linear units L4’ or L5’. In Figure 4b for EEDA, the characteristic 
peaks of L4’ are overlapped with other peaks, however, in Figure 4.5-1b for HEDA, 
the characteristic peaks of L5’ are identifiable such as a4 at 53.8 ppm whereas the 
contents of this type of unit are low. The continued reactions of both the original and 
formed 2o amines in L4 and L4’ for EEDA, or L5 and L5’ for HEDA, form branched 
poly(amino ester)s as indicated by the appearance of characteristic peaks such as a5 at 
ca. 52.0 ppm in Figure 4.4c for EEDA, and a5 at ca. 52.5 ppm in Figure 4.5-1c for 
HEDA, respectively. Based on these results, the reactivity sequence of amines should 
be 1o amines > 2o amines (original) > 2o amines (formed) and the mechanisms of the 
polymerizations of BDA + EEDA or BDA + HEDA can be described as in Schemes 
4.4 and 4.5, respectively. 
The degree of branching (DB) of the polymers obtained was calculated based on 
13C NMR (INVGATE) using the definition put forward by Hawker et al.20 Dendritic, 
linear and terminal units are defined as in Schemes 4.4 and 4.5, and DB could be 
obtained based on Equation 4.2: 
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DB = (D + T) / (D + T +L)                  (4.2) 
wherein, D and T stand for the amount of the dentritic and terminal units, and L is the 
summed amount of the two types of linear units, respectively. For the branched 
polymers obtained from BDA + EEDA, DB was calculated by Equation 4.3, 
DB (BDA-EEDA) = (Ic5+ Ie2) / (Ic5+Ie2+Ia4+ Ib3)                 (4.3) 
wherein Ic5, Ie2 Ib3, and Ia4 are the integral intensities of the peak c5 e2, b3 and a4 as 
indicated in Figure 4.4c, respectively. For the branched polymers obtained from BDA 
+ HEDA, DB was calculated by Equation 4.4, 
DB (BDA-HEDA) = (Ig5+ Ie2) / (Ig5+Ie2+Ia4+ Ib3)                 (4.4) 
wherein, Ig5, Ie2, Ib3 and Ia4 are the integral intensities of the peak g5 e2, b3 and a4 as 
indicated in Figure 4.5c, respectively. As listed in Table 4.2, the DB values of the 
branched polymers obtained from BDA + EEDA and BDA+HEDA are ca. 33% and 
37%, respectively. 
4.3.2 Effects of the chemistries of trifunctional amines 
There are three types of amines, i.e., 2o amines (original), 1o amines, and 2o amines 
(formed), capable of performing Michael addition reaction with BDA. The reactivity 
of 1o amines in all the trifunctional amines can be considered to be similar; meanwhile, 
steric hindrance plays an important role in determining the reactivity of the secondary 
amines including the 2o amines (original) and 2o amines (formed), and therefore the 
reactivity sequence of the three types of amines in the polymerizations. The high 
steric hindrance of polymer chains was responsible for the lowest reactivity of the 2o 
amines (formed) among all the amines. Whereas when the steric hindrance of cyclic 
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aliphatic rings in AEPZ, AMPD and of methyl groups in MEDA on the 2o amines 
(original) was low, the inductive effect of aliphatic substituents on the nitrogen atoms 
increased the electron density leading to a higher reactivity of the 2o amines (original) 
as compared with the 1o amines in the Michael addition reactions with BDA. So for 
AEPZ, AMPD and MEDA, the reactivity sequence of amines was 2o amines (original) 
> 1o amines >> 2o amines (formed), and the reactivity difference between the 1o 
amines and the 2o amines (formed) was so significant that all the 2o amines (formed) 
were kept out of the reactions, leading to formation of the linear poly(amino ester)s 
when the feed molar ratios of BDA to the trifunctional amines were 1:1. But the 
reactivity difference between the 2o amines (original) and 1o amines was reduced in 
some degree in MEDA as compared with those for AEPZ and AMPD, probably due to 
the different steric hindrance of the cyclic aliphatic rings and the linear aliphatic 
chains on the 2o amines (original). However, the increased steric hindrance on the 2o 
amines (original) in EEDA and HEDA reduced their reactivity so remarkably that 
their reactivity was lower than that of the 1o amines and even comparable by that of 
the 2o amines (formed). Therefore, the reactivity sequence of amines was 1o amines > 
2o amines (original) > 2o amines (formed), and even the 2o amines (formed) could join 
in the polymerizations forming branched poly(amino ester)s with low DBs.  
Our results were different from those reported for the Michael addition 
polymerizations of trifunctional amines with divinylsulfone or diacrylate in two ways, 
i.e., the different reactivity sequence of the amines and the different structures of the 
polymers obtained.34-36 It was reported that the reactivity sequence of amines was 2o 
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amines (original) > 1o amines ≈ 2o amines (formed) and hyperbranched polymers with 
DBs higher than 50% and primary amines at periphery were formed via AB2 type 
intermidiates for the Michael addition polymerizations of trifunctional amines with 
divinylsulfone or diacrylate. But in our work, for the polymerization of BDA + AEPZ, 
BDA + AMPD and BDA + MEDA, the reactivity sequence was 2o amines (original) > 
1o amines >> 2o amines (formed) and linear poly (amino ester)s containing secondary 
and tertiary amines were produced; for the polymerization of BDA + EEDA and BDA 
+ HEDA,  the reactivity sequence was 1o amines > 2o amines (original) > 2o amines 
(formed) and branched poly(amino ester)s having DBs of ca. 33% and 37% and 
containing secondary and tertiary amines but no terminal primary amines were 
obtained. 
4.3.3 Property of polymers 
The conditions of polymerizations with 1:1 feed molar ratios of trifunctional amine 
monomers to BDA are summarized in Table 4.2. All the obtained polymers dissolved 
readily in chloroform, methylene chloride, acetone, DMSO, DMF and THF. The 
linear polymers poly(BDA-AEPZ), poly(BDA-AMPD) and poly(BDA-MEDA) were 
soluble in water but the branched polymers poly(BDA-EEDA) and poly(BDA- 
HEDA), were insoluble, probably due to the longer hydrophobic aliphatic side chains. 
The molecular weights of the polymers obtained were evaluated by GPC. As shown in 
Table 4.2, all the polymers have high polydispersity indexes, which probably resulted 
from the multistage processes of these polymerizations as suggested above. Similar 
results were found for some of the poly(amino ester)s prepared from the 
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polymerization of diacrylates and difunctional amines.14 As shown in Table 4.2, Tds of 
the polymers are higher than 200 oC, which indicates their reasonable thermal stability. 
Moreover, DSC studies shows that all the poly(amino ester)s are amorphous because 
no melting and crystallization peaks were observed in the DSC curves. Their glass 
transition temperatures (Tg) are lower than ambient temperature, owing to their 
flexible backbones.  
 
Table 4.2 The conditions of the polymerizations of trifunctional amines with an 
equimolar BDA and the properties of the poly(amino ester)s obtained.a 
 
polymer reaction time (h) yield%







Poly(BDA-AMPD) 294 86 19,700d 3.48 263.5 -8.8 - 
Poly(BDA-AEPZ) 274 84 23,500d 3.11 296.1 -21.7 - 
Poly(BDA-MEDA) 248 80 5,500d 2.93 228.7 -43.0 - 
Poly(BDA-EEDA) 366 82 10,400e 3.11 210.7 -33.9 33 
Poly(BDA-HEDA) 510 75 13,200e 3.05 218.2 -53.4 37 
 
aThe polymerizations were performed at 50 oC with a monomer concentrations of ca. 
30% (w/v) in chloroform. bThe yields of the polymerizations; cDetermined by GPC. d 
using 0.5 M acetic acid/0.5 M sodium acetate as eluent and poly(ethylene oxide) 
standards e using 0.1M piperidine/THF as eluent and polystyrene standards. 
 
4.4 Conclusions 
  The chemistries of trifunctional amines had remarkable effects on the mechanisms 
of Michael addition polymerizations with diacrylate. The steric hindrance on the 
secondary amines in trifunctional amines such as AEPZ, AMPD and MEDA was low 
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and the reactivity sequences of the amines were 2o amines (original) > 1o amines >> 
2o amines (formed). The high steric hindrance of polymer backbones reduced the 
reactivity of 2o amines (formed) so significantly that they were kept out of the 
reaction leading to formation of the linear poly(amino ester)s via AB type 
intermediates when the feed molar ratios of trifunctional amines to diacrylate were 1:1. 
The increased steric hindrance on the secondary amines in EEDA and HEDA reduced 
the reactivity of 2o amines (original) to such a degree that the reactivity sequences of 
amines changed to 1o amines > 2o amines (original) > 2o amines (formed) and the 2o 
amines (formed) joined in the polymerizations leading to formation of the branched 
poly(amino ester)s when the feed molar ratios of trifunctional amines to diacrylate 
were 1:1. Both the linear and branched poly(amino ester)s obtained have good 
solubility, reasonable thermal stability, low glass transition temperatures, but high 
molecular weight polydispersity indexes. 
4.5 References 
1. Flory, P. J. Principles of Polymer Chemistry, Cornell University Press: Ithaca, NY, 
1953, Chapter 9. 
2. Miller, D. R., Macosko, C. W. Macromolecules, 1978, 11, 656.  
3. Odian, G. Principles of Polymerization, John Wiley & Sons, Inc.: NY, 1991, 
Chapter 2. 
4. Komber, H.; Voit, B.; Monticelli, O.; Russo, S. Macromolecules, 2001, 34, 5487. 
5. Durand, D.; Bruneau, C. M. J. Polym. Sci., Polym. Phys. Ed., 1979, 17, 273. 
6. Durand, D.; Bruneau, C. M. J. Polym. Sci., Polym. Phys. Ed., 1979, 17, 295. 
Chapter 4 Effects of chemistries of trifunctional amines on  
                mechanisms of Michael addition polymerizations with diacrylates   
 86
7. Voit, B. I. C. R. Chimie, 2003, 6, 821.  
8. Jikei, M.; Kakimoto, M. Prog. Polym. Sci., 2001, 26, 1233. 
9. Jikei, M.; Chon, S. H.; Kakimoto, M.; et al. Macromolecules, 1999, 32, 2061.  
10. Jikei, M.; Kakimoto, M. High. Perform. Polym., 2001, 13, S33.  
11. Monticelli, O.; Mariani, A.; Voit, B, et al. High. Perform. Polym., 2001, 13, S45.  
12. Hao J. J.; Jikei, M.; Kakimoto, M. Macromolecules, 2002, 35, 5372.  
13. Hao J. J.; Jikei, M.; Kakimoto, M. Macromolecules, 2003, 36, 3519. 
14. Liu, Y.; Chung, T. S. J. Polym. Sci.: Part A: Polym. Chem., 2002, 40, 4563. 
15. Bruchman, B.; Koniger, R.; Renz, H. Macromol. Symp., 2002, 187, 271. 
16. Flory, P. J. J. Am. Chem. Soc., 1952, 74, 2718.  
17. Kim, Y. H.; Webster, O. W. J. Am. Chem. Soc., 1990, 112, 4592.  
18. Kim, Y. H.; Webster, O. W. Macromolecules, 1992, 25, 5561.  
19. Harth, E. M.; Hecht, S.; Helms, B, et al. J. Am. Chem. Soc., 2002, 124, 3926.  
20. Hawker, C. J.; Lee, R.; Fréchet, J. M. J.; J. Am. Chem. Soc., 1991, 113, 4583. 
21. Emrick, T.; Chang, H. T.; Fréchet, J. M. J. Macromolecules, 1999, 32, 6380.  
22. Emrick, T, et al. J. Polym. Sci.: Part A: Polym. Chem., 2000, 38, 4850. 
23. Fang, J. H.; Kita, H.; Okamoto, K. Macromolecules, 2000, 33, 4639.  
24. Lin, Q.; Long, T. E. Macromolecules, 2003, 36, 9809. 
25. Lynn, D. M.; Langer, R. J. Am. Chem. Soc., 2000, 122, 10761.  
26. Lynn, D. M.; Anderson, D.G, et al. J. Am. Chem. Soc., 2001, 123, 8155.  
27. Akinc, A.; Lynn, D. M, et al. J. Am. Chem. Soc., 2003, 125, 5316.  
28. Anderson, D. G.; Lynn, D. M.; Langer, R. Angew. Chem. Int. Ed., 2003, 42, 3153. 
Chapter 4 Effects of chemistries of trifunctional amines on  
                mechanisms of Michael addition polymerizations with diacrylates   
 87
29. Lynn, D. M.; Amiji M. M., Langer, R. Angew. Chem. Int. Ed., 2001, 40, 1707.  
30. Vazquez, E.; Dewitt, D. M, et al. J. Am. Chem. Soc., 2002, 124, 13992.   
31. Boussif, O.; Lezoualc’h, F, et al. Proc. Natl. Acad. Sci. USA, 1995, 92, 7297.  
32. Behr, J. P. Chimia, 1997, 1, 34. 
33. Breitmaier, E.; Voelter, W. Carbon-13 NMR spectroscopy, VCH Verlagsgesell- 
schaft mbH, NY, 1987, Chapter 4. 
34. Yan, D. Y.; Gao, C. Macromolecules, 2000, 33, 7693.  
35. Gao, C.; Yan, D. Y. Macromolecules, 2001, 34, 156. 
36. Gao, C.; Tang, W, et al. J. Polym. Sci.: Part A: Polym. Chem., 2002, 40, 2340. 
Chapter 5 Relationship between structure/properties of  




RELATIONSHIP BETWEEN STRUCTURE/PROPERTIES OF LINEAR 




5.2 Experimental section 
5.2.1 Materials 
5.2.2 Polymer synthesis 
5.2.3 Hydrochlorination of polymers 
5.2.4 Particle sizing and zeta potential measurements 
5.2.5 Buffer capacity of polymers 
5.3 Results and discussion 
5.3.1 Polymer synthesis 
5.3.2 Cytotoxicity evaluation 
5.3.3 Gel electrophoresis analysis 
5.3.4 Transfection efficiency in vitro 





    Gene therapy is one of the most promising therapies of inherited or acquired 
diseases in the future. However, the lack of safe and efficient carriers for DNA 
currently hinders the success of gene therapy. Viral vectors are hitherto the main 
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vehicles for the delivery of DNA, however, great concerns about the safety of viral 
vectors make nonviral vectors more and more attractive. Polyethylenimine (PEI) is 
the best polymer for preparing efficient nonviral vectors for DNA delivery but its 
toxicity and nonbiodegradability would hinder its applications. Hence degradable 
polymers are expected due to their low toxicity, long-term safety and biocompatibility. 
Synthetic and natural biodegradable polymers, such as poly(amino ester)s with 
amines in the backbones,1-6 polyesters7, 8 and  polyphosphate9-11 and polysaccharides12, 
13 with side chains containing amines, polypeptides,14 cyclodextrin,15, 16 and 
chitosan,17 are investigated for the preparation of nonviral vectors.  
    Among all the biodegradable polymers investigated, poly(amino ester)s have been 
demonstrated to be biodegradable and of very low cytotoxicty. We have developed 
novel kinds of poly(amino ester)s containing secondary and tertiary amines in the 
backbones via the Michael addition polymerization of diacrylate with trifunctional 
amines. Those linear poly(amino ester)s can be taken as biodegradable linear PEI on 
account of the amine constitution similar to linear PEI. As compared to those linear 
poly(amino ester)s reported containing only tertiary amines, this novel kinds of 
poly(amino ester)s of the optimized amine constitution should have improved 
properties for DNA delivery, because different types of amines probably play various 
roles in such as the condensation of DNA and forming the pH-buffering “proton 
sponge” to facilitate the escape of vectors from lysosomes.18, 19  
    In order to better understand this novel kind of poly(amino ester)s for DNA 
delivery, in this chapter, the properties of three such kinds of poly(amino ester)s, i.e., 
poly(BDA-AEPZ), poly(BDA-AMPD) and poly(BDA-MEDA), were evaluated, the 
relationship between the structures/properties were investigated. 
Chapter 5 Relationship between structure/properties of  
                                     linear poly(amino ester)s containing secondary/tertiary amines  
 90
5.2 Experimental section 
5.2.1 Materials 
     1,4-Butanediol diacrylate (BDA, 90%), 1-(aminoethyl) piperazine (AEPZ, 99%) 
and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were 
purchased from Aldrich. 4-Aminomethyl piperidine (AMPD, 99%) and N-methyl 
ethylenediamine (MEDA, 95%) were purchased from Lancaster. Chloroform, acetone, 
diethyl ether and hexane were obtained from Tedia, and 37.5% hydrochloric acid was 
received from J. T. Baker. After being amplified in E. coli and purified according to 
the supplier’s protocol (Qiagen, Hilden, Germany), plasmid DNA (pCMV-Luc) 
(kindly donated by Yoshiharu Matsuura, National Institute of Infectious Diseaes, 
Tokyo, Japan) was re-suspended in TE buffer and kept in aliquots at a concentration 
of 1 mg/mL for use. All other reagents were used as received. 
5.2.2 Polymer synthesis 
Polymers were synthesized as previously described in chapter 4. A typical 
example is given as follows: In a 50 mL of round-bottomed flask were placed 2.02 g 
(9.2 mmol) of BDA and 10 mL of chloroform. When the BDA was completely 
dissolved, 1.20 g (9.2 mmol) of AEPZ was added. The polymerization was performed 
at 50 oC and monitored by 1H-NMR. When the peaks attributed to the vinyl groups at 
around 5.6-6.4 ppm almost disappeared, 0.1 g of AEPZ was added to terminate the 
residual vinyl groups to avoid the side reaction during purification. After 24 hours, the 
solution was precipitated into 300 mL of diethyl ether or hexane under vigorously 
stirring. The polymer was collected and purified by reprecipitation from a chloroform 
solution into diethyl ether followed by drying under vacuum at 50 oC for 3 days. 1H-
NMR (CDCl3): δ 3.9 (4H, a), δ 2.7 (2H, b), δ 2.4 (4H, c), δ 2.2 (14H, d), δ 1.7 (1H, e), 
δ 1.5 (4H, f) 
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NN CH2CH2NHCH2CH2COOCH2CH2CH2CH2OOCCH2CH2
f a cd bd d c e d a f  
13C-NMR (CDCl3): δ 172.8 (k), δ 63.9 (a), δ 58.0 (b), δ 53.8 (c), δ 53.4 (d), δ 53.1 (e), 
δ 46.5 (f), δ 45.4 (g), δ 35.3 (h), δ 32.6 (i), δ 25.5 (j) 
NN CH2CH2NHCH2CH2COOCH2CH2CH2CH2OOCCH2CH2
j a k i c e d
b f g h k a j
 
5.2.3 Hydrochlorination of polymers 
   In a typical process, poly(BDA-AEPZ) (1.0 g) was dissolved in 20 mL of acetone, 
and the solution was precipitated dropwise into the mixture of 200 mL of acetone and 
10 mL of 37.5% HCl solution. The white precipitate was collected and dried under 
vacuum at 55 oC for 7 days. 1H-NMR (D2O): δ 4.1 (4H, a), δ 3.5 (8H, b), δ 3.4 (2H, c), 
δ 3.3 (2H, d), δ 3.0 (4H, e), δ 2.9 (2H, f), δ 2.8 (2H, g), δ 1.7 (4H, h) 
NHHN CH2CH2NH2CH2CH2COOCH2CH2CH2CH2OOCCH2CH2
fa c b d e ah e hg  
13C-NMR(D2O): δ 173.2 (k), δ 61.5 (a), δ 52.7 (b), δ 52.2 (c), δ 50.2 (d), δ 50.0 (e), δ 
43.8 (f), δ 41.4 (g), δ 30.0 (h), δ 28.4 (i), δ 27.4 (j) 
NHHN CH2CH2NH2CH2CH2COOCH2CH2CH2CH2OOCCH2CH2
j a k i c e d b f g h k a j  
5.2.4 Particle sizing and zeta potential measurements 
Particle sizing experiments and zeta potential measurements were performed on a 
ZetaPALS dynamic light scattering detector (Brookhaven Instruments Corporation, 
Holtsville, NY, 15 mW laser, incident beam = 676 nm). DNA/polymer complexes 
were prepared as same as those for gel retardation analysis. Average particle sizes and 
zeta potentials were determined at 25 oC. Correlation functions were collected at a 
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scattering angle of 90 oC, and particle sizes were calculated using the MAS option of 
BIC’s particle sizing software (version 2.30), using the viscosity and refractive index 
of pure water at 25 oC. Particle sizes are expressed as effective diameters assuming a 
log-normal distribution. Average electrophoretic mobilities were measured at 25 oC 
using BIC PLAS zeta potential analysis software, and zeta potentials were calculated 
using the Smoluchowsky model for aqueous suspensions. 
5.2.5 Buffer capacity of polymers  
     A typical procedure was shown as below. 100.0 mg of polymer was dissolved in 
10.0 mL of deionized water. Potentiometric titration was performed with a Schott CG 
820 pH meter using 0.1 N HCl as titrant. Each determination was carried out in 
triplicate at 25 ± 0.1 0C. 
5.3 Results and discussion 
5.3.1 Polymer synthesis 
On the basis of the mechanisms disclosed in chapter 4, linear poly(amino ester)s 
can be obtained from those trifunctional amines with less steric hindrance on the 2o 
amine (original), such as AEPZ, AMPD and MEDA as described in Scheme 5.1. 
Those unique linear poly(amino ester)s were obtained due to the different reactivity of 
the three types of amines in those trifunctional amines, i.e., 2o amines (original) > 1o 
amines >> 2o amines (formed). In the Michael addition of those trifunctional amines 
with an equimolar BDA, the more reactive 2o amines (original) and 1o amines joined 
the reaction but the 2o amines (formed) was kept intact. The polymerizations were 
performed in chloroform at 50 oC for ca. 10 days, and polymers of high molecular 
weight were obtained. In order to remove the residual vinyl group, which is unstable 
and toxic, some amount of the trifunctional amines were added when the reaction was 
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near end point. The conditions of polymerizations and the property of the linear 
poly(amino ester)s were summarized in Table 5.1. 
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Table 5.1 The conditions of the polymerizations of AEPZ, AMPD and MEDA with 
an equimolar BDA and the properties of the poly(amino ester)s obtained.a 
 
polymer reaction time (h) yield%b Mwc PDIc 
Poly(BDA-AMPD) 294 86 19,700 3.48 
Poly(BDA-AEPZ) 274 84 23,500 3.11 
Poly(BDA-MEDA) 248 80 5,500 2.93 
 
aThe polymerizations were performed at 50 oC with a monomer concentrations of ca. 
30% (w/v) in chloroform. bThe yields of the polymerizations. cDetermined by GPC by 
using 0.5 M acetic acid/0.5 M sodium acetate as eluent and poly(ethylene oxide) 
standards. 
 
  All the polymers dissolve readily in water, chloroform, methylene chloride, acetone, 
DMSO, DMF and THF. Their salts of HCl were prepared by protonation and are 
soluble in water but insoluble in organic solvents. 
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Figure 5.1 Comparison of the cytotoxicity of linear poly(amino ester)s with PEI in 
HEK293 cells: a) poly(BDA-MEDA), b) poly(BDA-AEPZ), c) 
poly(BDA-AMPD), and d) PEI (25 kDa). 
  
    The cytotoxicity of cationic polymers was probably caused by polymer aggregation 
on cell surfaces impairing the important membrane functions,20 or polymers may 
interfere with critical intracellular processes of cells, especially, primary amine was 
reported to disrupt PKC function through disturbing protein kinase activity.21 Here, 
cytotoxicity of the linear poly(amino ester)s was evaluated in HEK293 cells using a 
standard MTT/thiazolyl blue dry reduction. As shown in Figure 5.1, even when the 
concentration of these poly(amino ester)s reached 500 µg/mL, the cell viability was 
also still more than 70%. In comparison, only less than 20% of cells survived when 
the concentration of PEI (25 kDa) exceeded 50 µg/mL. The results indicated that the 
linear poly(amino ester)s were low toxic, which should resulted from their 
degradability and nontoxic degraded compounds in cells. The low cytotoxicity of 
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these poly(amino ester)s rendered them promising candidates for further study as gene 
condensing agents. 
5.3.3 Gel electrophoresis analysis 
   The interaction between plasmid DNA and the cationic polymers was investigated 
by electrophoresis on agarose gel. DNA/polymer complexes were prepared in HEPES 
buffer (20 mM, pH = 7.2) by adding an aqueous solution of DNA to vortexing 
solutions of polymers in HEPES at desired DNA/polymer concentrations. The 
resulting DNA/polymer complexes remained soluble upon dilution in the 
electrophoresis running buffer (25 mM, HEPES, pH = 7.2) and the data were obtained 
at physiological pH. Figure 5.2 indicates the migration of plasmid DNA on an agarose 
gel in the presence of increasing concentrations of poly(BDA-AEPZ), poly(BDA-
AMPD) and poly(BDA-MEDA), respectively.  
      1   2    3   4   5   6   7   8    1   2    3   4   5   6   7   8    1   2    3   4   5   6   7   8 
 
 
Figure 5.2 Agarose gel electrophoresis retardation of pRE-Luc DNA by polymers. 
Lane numbers correspond to different DNA/polymer weight ratios. a) 
DNA /poly(BDA-AEPZ): (1) 1:0 (DNA only), (2) 1:1, (3) 1:2, (4) 1:3, (5) 
1:4, (6) 1:5, (7) 1:6, (8) 1:7; b) DNA/poly(BDA-AMPD): (1) 1:0 (DNA 
only), (2) 1:1, (3) 1:2, (4) 1:3, (5) 1:4, (6) 1:6, (7) 1:8, (8) 1:10; c) 
DNA/poly(BDA-MEDA): (1) 1:0 (DNA only), (2) 1:0.6, (3) 1:0.8, (4) 
1:1, (5) 1:1.5, (6) 1:2, (7) 1:3, (8) 1:4. 
 
    The results in Figure 5.2 depict that the migration of DNA was completely retarded 
when the weight ratios of poly(BDA-AEPZ), poly(BDA-MEDA) and poly(BDA-
AMPD) were higher than 3:1, 1.5:1 and 8:1. The reason for the less efficient 
complexation employing poly(BDA-AMPD) probably resulted from the lower amine 
density and farther distance between tertiary amines and secondary amines compared 
to poly(BDA-AEPZ) and poly(BDA-MEDA). As a result, poly(BDA-AMPD) should 
a b c
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be protonated to a lesser extent than poly(BDA-AEPZ) and poly(BDA-MEDA) at 
physiological or near-neutral pH and would therefore be a less effective DNA 
condensing agent.  









Figure 5.3 a) Transfection efficiency of protonated poly(BDA-AEPZ)/DNA(pCMV-
Luc) complexes in 293 cells in comparison with PEI (25 kDa) mediated 
transfection under optimal conditions. b) Transfection efficiency of 
protonated poly(BDA-AEPZ)/DNA (pCMV- Luc) complexes in NT2, 
Cos7 and Neuron cells in comparison with PEI (25 kDa) mediated 
transfection under optimal conditions. 
 
The transfection efficiency of plasmid DNA for protonated poly(BDA-AEPZ) was 
evaluated in 293, NT2, Cos7 and Neuron cells. As shown in Figure 5.3, in the absence 
of chloroquine diphosphate, an efficient reagent to disrupt endosomal membrane 
commonly used to enhance in vitro transfection, poly(BDA-AEPZ)/DNA complexes 
(w/w ratio: 20/1 or 30/1) in HEK293, NT2 and Neuron cells yielded the highest 
transfection efficiency, which was around 70% of the control experiments employing 
poly(ethyleneimine) (PEI) (25 kDa). However in Cos7 cells, poly(BDA-AEPZ) 
showed almost two order of magnitude lower than PEI-mediated transfection (See 
Figure 5.3b), but was almost the same as the lipid transfast. We also investigated 
transfection efficiency of protonated poly(BDA-MEDA) and found luciferase 
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expression was more than two orders of magnitude lower than PEI-mediated 
transfection (Figure 5.4), which might be due to the low molecular weight and amino 
density for poly(BDA-MEDA) compared to poly(BDA-AEPZ).  



















Figure 5.4 Transfection efficiency of protonated poly(BDA-MEDA)/DNA(pCMV-
Luc) complexes in 293 cells in comparison with PEI (25 kDa) mediated 
transfection under optimal conditions. 
 
To understand the difference of transfection ability among different ratios for 
poly(BDA-AEPZ), the particle sizes of poly(BDA-AEPZ)/DNA complexes with 
different ratio were measured using a ZetaPALS dynamic light scattering detector. 
Figure 5.5a depicts the average sizes for the complexes were below 100 nm when the 
weight ratio of polymer/DNA exceeded 5/1. The complexes of the minimal sizes of 
around 55 nm were obtained when polymer/DNA ratios ranged for 15/1 to 30/1. As 
reflected in Figure 5.5b, complexes of positive charge were produced when the weight 
ratio of polymer/DNA was higher than 2:1. A positive charge should prevent the 
aggregation of the complexes, therefore, facilitate formation of small complexes. But 
the trend in Figure 5.5a and 5.5b indicates that a too high polymer/DNA weight ratio 
resulted in formation of larger complexes with a reduced positive charge.  
On the other hand, the complexes of poly(BDA-AEPZ)/DNA showed the highest 
DNA transfection efficiency in vitro when the polymer/DNA weight ratio was around 
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20:1 or 30:1 as described above. A smaller size and higher positive charge may result 
in stable complexes of polymer and DNA, which would contribute to a higher DNA 
transfection efficiency in vitro. This is due to that stable complexes of polymer/DNA 





























Figure 5.5 a) Average effective diameters of protonated poly(BDA-AEPZ)/DNA 
(pCMV-Luc) complexes as a function of polymer concentration. b) 
Average ζ-potentials of protonated poly(BDA-AEPZ)/DNA (pCMV-Luc) 
complexes as a function of polymer concentration. 
 
 
5.3.5 Analysis of buffer capacity 
In order to understand the factors responsible for the highest DNA trasfection 
efficiency of poly(BDA-AEPZ), the buffer capacity of poly(BDA-AEPZ), poly(BDA-
MEDA) and poly(BDA-AMPD) was evaluated and compared. As shown in Figure 
5.6, poly(BDA-AEPZ) has the strongest buffer capacity among these polymers. The 
highest buffer capacity of poly(BDA-AEPZ) should be attributed to the highest amino 
density. Therefore, the highest DNA transfection efficiency of poly(BDA-AEPZ) 
should be related to its high buffer capacity facilitating the escape of DNA complexes 
from endosomes. 









Complex number DNA/Poly(BDA-AEPZ) (w/w)
             1                       1:0.5
             2                       1:1
             3                       1:3
             4                       1:5
             5                       1:10
             6                       1:20
             7                       1:30
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Figure 5.6 Potentiometric titration curves of different polymers in solution with same 
w/v concentration (10 mg/mL): a) poly(BDA-AEPZ), b) poly(BDA-
MEDA), and c) poly(BDA-AMPD). 
 
5.4 Conclusions 
   In this chapter, the relationship between the structure and DNA delivery properties 
of the novel linear poly(amino ester)s, poly(BDA-AEPZ), poly(BDA-AMPD) and 
poly(BDA-MEDA), was established. The polymers are degradable and show low 
cytotoxicity. Among these polymers, poly(BDA-AMPD) was of the least 
condensation capability of DNA. Poly(BDA-AEPZ) showed the highest transfection 
efficiency, which was comparable to  polyethylenimine (PEI, 25 kDa), due to its high 
buffer capability. Poly(BDA-AEPZ) are promising for preparation of safe and 
efficient gene vectors for gene delivery. 
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  Distinct from linear analogues, hyperbranched polymers have structures and 
topologies similar to dendrimers albeit with lower degrees of branching. So 
hyperbranched polymers show properties and functions close to dendrimers rather 
than their linear analogues, and can substitute dendrimers in some applications.1-5 
Moreover, recent works showed some unique self-assembly of hyperbranched 
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polymers.6-9 In comparison with the tedious synthesis procedures for dendrimers, 
syntheses of hyperbranched polymers are much more straightforward; nevertheless 
more cost-effective and novel approaches to hyperbranched polymers are still 
desirable. ABm approaches usually start from specific ABm monomers normally 
prepared by several steps;10-14 Meanwhile, the approaches via the polymerization of 
multifunctional monomers with equal reactivity, mainly A2 + Bm, must be performed 
under stringent polymerization conditions to avoid gelation, such as very low 
monomer concentrations, strictly controlled feed molar ratios, slow monomer addition 
rates and low monomer conversions.15-18 However, A2 + Bm approaches adopting 
monomers of suitable unequal reactivity have been demonstrated to be practical to 
preparing hyperbranched polymers from commercially available monomers in one-pot 
processes.19-30 The monomers with unequal reactivity can be Bm-type monomers with 
B of different reactivity,19-24 or CBm-type monomers.25-30  
In chapter 4, we have demonstrated that the reactivity of the three types of amines 
in some trifunctional amines is different in the Michael addition polymerizations with 
diacrylates. For these trifunctional amines with less steric hindrance on the 2o amines 
(original), such as 1-(2-aminoethyl) piperazine (AEPZ) and 4-aminomethyl piperidine 
(AMPD), the reactivity sequence of the amines is 2o amines (original) > 1o amines >> 
2o amines (formed).31, 32 On the basis of the results, in this chapter, we exploited a 
novel 2A2 + BB’B” approach to hyperbranched poly(amino ester)s, where A2 is 
diacrylate, BB’B” is trifunctional amines, and B, B’, B” represent the 2o amines 
(original), 1o amines, and 2o amines (formed), respectively. Hyperbranched 
poly(amino ester)s with terminal vinyl groups are expected to be formed via B”A2-
type intermediate, which is formed through the reaction of the more reactive B and B’ 
groups with the double molar A2. As a demonstration, here hyperbranched 
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poly(amino ester)s were prepared through the Michael addition polymerization of 
AEPZ with a double molar 1,4-butanediol diacrylate (BDA). The polymerization 
mechanism was investigated, and hyperbranched poly(amino ester)s with  terminal 
primary, secondary and tertiary amines were produced through tuning the terminal 
vinyl groups. The hyperbranched structures and properties of the obtained poly(amino 
ester)s were characterized. Poly(amino ester)s have been demonstrated to be 
promising materials for safe and efficient delivery of DNA and pH sensitive drug 
delivery.33-39 The approach reported here would facilitate further optimization of both 
chemistries and topologies of poly(amino ester)s for wide applications. 
6.2 Experimental section 
6.2.1 Materials 
1,4-Butanediol diacrylate (BDA, 90%), 1-(2-aminoethyl) piperazine (AEPZ, 99%), 
deuterium chloroform, deuterium dimethyl sulfoxide (DMSO-d6), N-methyl 
piperazine (MPZ, 99%), benzyl 1-piperazine carboxylate (ZPZ, 98%), DMSO (99.9%) 
and palladium on carbon (Pd/C, 10%) were purchased from Aldrich. Piperidine (99%) 
was obtained from Lancaster. Chloroform, DMF, diethyl ether and acetonitrile were 
received from Tedia. BDA was purified by vacuum distillation (90 oC/50 Pa) in the 
presence of a little amount of hydroquinone. DMSO was dried using molecular sieves, 
and other reagents were used as received.  
6.2.2 In situ monitoring polymerization processes 
Typically, a double molar BDA was added into a solution of AEPZ in deuterium 
chloroform or DMSO-d6 in a NMR tube. The monomer concentrations were around 
20 % (w/v) and the polymerizations were performed at 40 oC in chloroform, and at 70 
oC in DMSO. 13C-NMR spectra were recorded using a power-gated decoupling 
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program (PD). 200 times scan taking around 10 min was enough to get a good 13C-
NMR spectrum. 
6.2.3 Synthesis of hyperbranched poly(BDA2-AEPZ1)-vinyl  
A typical process was that 11.4 mmol of BDA was added into a solution of 5.7 
mmol of AEPZ in DMSO (15 mL). The polymerization was performed at 70 oC under 
an argon stream. The reaction was stopped after ca. 101.0 h when the ratio of the 
integral intensities of peaks at ca.5.6-6.4 ppm (attributed to the protons in the vinyl 
groups) to those at ca. 4.0 ppm (of α-carbons in the 1, 4-butanediol units) was close to 
0.375 as monitored by 1H-NMR. The solution was used for tuning terminal groups 
directly. 
6.2.4 Tuning the terminal groups of hyperbranched poly(amino ester) 
Poly(BDA2-AEPZ1)-MPZ  MPZ was added into the solution of poly(BDA2-
AEPZ1)-vinyl in DMSO with the molar ratio of MPZ to the residual vinyl group 
being 1.1. The reaction was carried out overnight and the solution was precipitated 
into diethyl ether under vigorously stirring. The polymer was collected and purified 
by precipitation from a chloroform solution into diethyl ether followed by drying 
under vacuum at room temperature for 3 days. 
Poly(BDA2-AEPZ1)-PZ Firstly its precursor, poly(BDA2-AEPZ1)-ZPZ, was 
prepared by adding ZPZ into the solution of poly(BDA2-AEPZ1)-vinyl in DMSO. 
The molar ratio of ZPZ to the residual vinyl group was 1.1. After the reaction was 
performed at 40 oC for 24 hours, the solution was precipitated into diethyl ether under 
vigorously stirring. The polymer was collected and purified by precipitation from a 
chloroform solution into diethyl ether followed by drying under vacuum at room 
temperature for 3 days.  
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    Then the protection group was removed. A flask containing 1.5 g of Pd/C was 
evacuated and back-filled with hydrogen gas for three times. 0.5 g of poly(BDA2-
AEPZ1)-ZPZ in 15 mL of DMF was injected into the flask using a syringe. The 
mixture was stirred at ambient temperature for 24 hours under hydrogen gas stream. 
Pd/C was removed by filtration and washed with 30 mL of DMF. The filtrate was 
combined and concentrated under vacuum at room temperature. The concentrated 
solution was precipitated into 300 mL of diethyl ether under vigorously stirring. The 
polymer was collected and purified by precipitation from a chloroform solution into 
diethyl ether followed by drying under vacuum at room temperature for 3 days. 
Poly(BDA2-AEPZ1)-AEPZ The solution of poly(BDA2-AEPZ1)-vinyl in DMSO 
was slowly added dropwise into a DMSO solution of AEPZ. The molar ratio of AEPZ 
to the residual vinyl group was 5. After the reaction was performed overnight, the 
solution was precipitated into diethyl ether under vigorously stirring. The polymer 
was collected and purified by precipitation from a chloroform solution into diethyl 
ether followed by drying under vacuum at room temperature for 3 days. 
6.3 Results and Discussion 
6.3.1 The mechanism of polymerization 
It is reasonable to speculate that the polymerization of the Michael addition 
polymerization of 2BDA + AEPZ can be described by Scheme 6.1 on account of the 
reactivity sequence of the three types of amines in AEPZ, i. e., 2o amines (original) > 
1o amines >> 2o amines (formed).32 Firstly, 2o amines (original) would react with 
BDA forming B’B”A-type intermediate, then the residual BDA should react with 1o 
amines producing B”A2 type intermediate, finally hyperbranched polymer could be 
obtained from the polymerization of the in situ formed B”A2-type intermediate.  
                          Chapter 6 2A2+BB’B” approach to hyperbranched poly(amino ester)s 
 106












































































































































































































Figure 6.1 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + AEPZ with a 2:1 feed molar ratio and a 
monomer concentration of 20% (w/v) at 40 oC in CDCl3 for a) 0.6 h; b) 
10.80 h; c) 119.5 h; and d) 840.0 h.  
                          Chapter 6 2A2+BB’B” approach to hyperbranched poly(amino ester)s 
 107

























Figure 6.2 Comparison of the enlarged 13C-NMR spectra recorded in situ for the 
polymerization of BDA + AEPZ with a 2:1 feed molar ratio and a 
monomer concentration of 20% (w/v) at 70 oC in DMSO-d6 for a) 0.5 h; 
b) 6.2 h; c) 101.0 h. 
 
For the purpose of verifying our speculation, 13C NMR was used to in situ monitor 
the polymerization. When the polymerization of 2BDA + AEPZ was performed in 
CDCl3 at 40 oC, only B’B”A intermediate was formed through the reaction of the 
most reactive 2o amines (original) with BDA at the beginning of the reaction similar 
to that occurring in polymerization of AEPZ with an equimolar BDA.32 (Figure 6.1a). 
Then all the 2o amines (original) in AEPZ were consumed and some amount of the 
B”A2 intermediates were formed together with B’B”A intermediate (Figure 6.1b). 
Further all the 1o amines in the B’B”A intermediate were converted to the 2o amines 
(formed) through reaction with the remained BDA in ca 119.5 h (Figure 6.1c). But the 
reactivity of the 2o amine (formed) was too slow under this condition that the 
conversion was ca 64% even after ca 840.0 h as evaluated by the integral intensity 
ratio of peak a4 and a3 (Figure 6.1d). Such a slow reactivity should be due to the 
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significantly increased steric hindrance of polymer chain adjacent to the secondary 











































































































































































































Figure 6.3 Comparison of the 1H-NMR spectra recorded in situ for the 
polymerization of BDA + AEPZ with a 2:1 feed molar ratio and a 
monomer concentration of 20% (w/v) at 70 oC in DMSO-d6 for a) 0.5 h; 
b) 6.2 h; c) 101.0 h. 
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In order to improve the reaction rate and get high molecular weight hyperbranched 
poly(amino ester)s, DMSO was used as the solvent and the polymerization was 
performed at 70 oC instead. Figure 6.2 shows the results of in situ monitoring 
polymerizations using 13C NMR. The reaction rate was improved so remarkably that 
it was difficult to detect the formation of only B’B”A intermediate. Figure 6.2a 
indicates that the peaks of both B’B”A and B”A2 intermediates such as a2 and a3 at ca. 
39.3 and 46.7 ppm, respectively, no peaks of AEPZ were detectable in 0.5 h. Figure 
6.2b illustrates that all B’B”A intermediate disappeared in ca. 6.2 h, much shorter 
than 119.5 h needed for that performed in CDCl3 at 40 oC. All the 2o amines (formed) 
were almost consumed in 101.0 h as reflected in Figure 6.2c. The remarkable 
improvement in the reaction rate should result from a higher reaction temperature. In 
addition, DMSO probably facilitated the reaction. Moreover, no peaks of AEPZ, 
B’B”A intermediate and the 2o amines (formed) were detectable in Figure 6.2c 
indicating that the Michael addition reaction was irreversible under this condition. 
Furthermore, the results of in situ monitoring polymerizations using 1H NMR also 
agree with the polymerization mechanism (Scheme 6.1) as shown in Figure 6.3. 
    To further confirm the polymerization mechanism, a sample was drawn from the 
polymerization solution after the polymerization was performed in DMSO at 70 oC 
for 6.2 h. After being diluted to 1 × 10-5 g/mL in acetonitrile to avoid further reaction, 
the sample was analyzed using MS (ESI). As depicted by Figure 6.4, a relatively 
intensive peak of B”A2 intermediate appeared at m/z = 526.3. In addition, there were 
no peaks ascribed to monomer BDA and AEPZ. At this stage, the result of 13C NMR 
shown in Figure 6.2b indicates all the B’B”A intermediate was consumed and a little 
of 2o amines (formed) joined in the reaction. Hence it is reasonable to state that the 
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reaction of B’B”A intermediate and the residual BDA forming B”A2 intermediate was 








Figure 6.4 Mass spectrum of the sample drawn from the polymerization solution of 
2BDA + AEPZ in DMSO at 70 oC at 6.2 h. The sample was diluted to 1 × 
10-5 g/mL in acetonitrile.   
     
    According to the mechanism described in Scheme 6.1, the hyperbranched 
poly(amino ester)s obtained contained focal units as those from normal AB2-type 
monomers. The peaks of those carbons adjacent to nitrogen in the focal units were 
overlapped with those of B”A2 intermediate due to the negligible effects of the 
polymerization on the chemistries of these carbons. So, at the final stage of 
polymerization, the average number of structure units as from B”A2 intermediate in a 
hyperbranched poly(amino ester) molecule could be roughly determined by the ratio 
of the integral intensity of peak a4 to that of peak a3. The ratio was ca 1.8 for the 
product obtained by the polymerization performed in chloroform at 40 oC even after 
840.0 h (Figure 6.1d). So only oligomer containing 2.8 B”A2 units was produced. In 
contrast, the peaks a3 almost disappeared in Figure 6.2c, hence the polymerization 
conducted in DMSO at 70 oC for 101 h provided a high molecular weight 
hyperbranched poly(amino ester). 
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6.3.2 Synthesis of hyperbranched poly(amino ester)s  
  Hence hyperbranched poly(amino ester) with vinyl terminal groups, poly(BDA2-
AEPZ1)-vinyl, was prepared by performing polymerization of 2BDA + AEPZ in 
DMSO at 70 oC. No gelation occurred through the polymerization processes. Due to 
the existence of an amount of reactive terminal vinyl groups, cross-linking occurred 
easily in the purification processes of poly(BDA2-AEPZ1)-vinyl, so a solid of pure 
poly(BDA2-AEPZ1)-vinyl couldn’t be obtained. Therefore the terminal vinyl groups 
were changed into stable terminal groups. 













































































































It was interesting to prepare hyperbranched poly(amino ester)s with terminal 
primary, secondary and tertiary amines, respectively, due to different functions of 
different types of amines for DNA delivery.40, 41 We adopted the approaches as 
described in Scheme 6.2 to convert the terminal vinyl groups into primary, secondary 
and tertiary amines. The Michael addition reaction of the terminal vinyl groups with a 
slight excess molar MPZ provided tertiary amines. The appearance of peaks k and c’ 
at ca. 46.4 and 55.4 ppm, and the total disappearance of the peaks m and n of vinyl 
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groups at 129.3 and 132.2 ppm in Figure 6.5b and at 6.0-6.5 ppm in Figure 6.8b 
indicated a complete conversion. Also those peaks i1 and l1 attributed to the carbons 
adjacent to vinyl groups disappeared. Secondary amines terminated hyperbranched 
poly(amino ester), poly(BDA2-AEPZ1)-PZ, was prepared by the reaction of the 
terminal vinyl groups with ZPZ followed by removing the benzyl carbonate 
protection groups. The appearance of the peaks of ZPZ such as peak k at ca. 67.4 ppm 
and at ca. 5.16 ppm, and the disappearance of the peaks of the vinyl groups in Figure 
6.6a and Figure 6.9a illustrated the accomplishment of the reaction. The benzyl 
carbonate protection groups could be easily removed using hydrogenation catalyzed 
by Pd/C, which was confirmed by the vanishing of the peaks of benzyl carbonate such 
as peak k at ca. 67.4 ppm in Figure 6.6b and at ca. 5.16 ppm in Figure 6.9b, and the 
appearance of the peaks of terminal piperazine groups such as peak c’ at ca. 46.3 ppm 
in Figure 6.6b. Primary amines terminated hyperbranched poly(amino ester), 
poly(BDA2-AEPZ1)-AEPZ was prepared by the reaction of the terminal vinyl groups 
with AEPZ on the basis of the lower reactivity of 1o amines than 2o amines (original). 
In order to prevent the reaction with the 1o amines, the solution of poly(BDA2-
AEPZ1)-vinyl was added dropwise into a solution of an excess molar AEPZ in 
DMSO. The vanishing of the peaks of the vinyl groups in Figure 6.7 and Figure 6.8a, 
and the appearance of the peaks of carbon a’ and b’ at ca. 39.0 and 61.1 ppm in Figure 
6.7, and hydrogen k at ca. 2.0 ppm in Figure 6.8a demonstrate that the terminal 
primary amines were obtained. 
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Figure 6.5 Comparison of the 13C-NMR spectrum of (a) poly(BDA2-AEPZ1)-vinyl 
in DMSO-d6 with (b) poly(BDA2-AEPZ1)-MPZ in CDCl3. 
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Figure 6.6 13C-NMR spectra of (a) poly(BDA2-AEPZ1)-ZPZ, and (b) poly(BDA2-
AEPZ1)-PZ in CDCl3. 
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Figure 6.8 1H-NMR spectra of a) poly(BDA2-AEPZ1)-AEPZ and b) poly(BDA2- 
AEPZ1)-MPZ in CDCl3. 
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Figure 6.9 1H-NMR spectra of a) poly(BDA2-AEPZ1)-PZ and b) poly(BDA2-
AEPZ1) -ZPZ in CDCl3. 
 
6.3.3 Hyperbranched structures  
 
  Here degrees of branching of hyperbranched poly(amino ester)s should be 
assessed by taking the B”A2-type intermediate as a starting monomer. In this way, the 
terminal, linear and dendritic units are defined as in Scheme 6.1. Nevertheless the 
structural difference among the terminal, linear and dendritic units couldn’t be 
distinguished in either 1H or 13C NMR, so the DBs according to this definition were 
difficult to be measured.  
 The ratio of hydrodynamic radius (Rh) to radius of gyration (Rg) of hyperbranched 
poly(amino ester) was measured to provide more information of the hyperbranched 
structures. Hyperbranched poly(BDA2-AEPZ1)-MPZ was adopted for investigation 
due to a less intermolecular interaction of the tertiary terminal groups. Methanol is a 
suitable solvent of poly(BDA2-AEPZ1)-MPZ for the measurement of Rh and Rg due 
to no aggregation in the solution. A 1% (w/w) solution of poly(BDA2-AEPZ1)-MPZ 
was prepared for the measurements. Rh of poly(BDA2-AEPZ1)-MPZ was measured 
to be 6.2 nm with a PDI of 0.301 by using laser dynamic light scattering (LDLS). 
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However, Rg was too small to be determined using LDLS. SAXS has been used to 
measure Rg of dendrimers and hyperbranched polymers.42-44 Therefore we also 
applied SAXS to measure Rg of poly(BDA2-AEPZ1)-MPZ. The method used to fit 
SAXS results depended on the structures of polymers. For poly(BDA2-AEPZ1)-MPZ, 
Figure 6.10 shows the partial Berry plot as described by equation 6.145 presented a 
better fitting as compared with other fitting methods such as the Zimm plot and the 
Guinier plot.42  
)6/1())(/1( 222/1 qRCqI g ×+=                    (6.1) 
Where, )(qI  is the scattered intensity, q is the scattering wave vector, and C is a 
constant. Rg was determined to be 6.2 nm. Therefore, the ratio of Rh/Rg for 
poly(BDA2-AEPZ1)-MPZ was 1.0. The values of Rg/Rh are around 1.5 to 1.7 for 
linear flexible polymers in good solvent, 1.079 for hyperbranched polymers from 
AB2–type monomers, and 0.78 for uniform spheres.46-48 Hence the spatial structures 
of hyperbranched poly(amino ester)s obtained were close to those from AB2-type 
monomers, which coincided with the mechanism of polymerization. 
q2 ( -2)














Figure 6.10 The partial Berry plot of hyperbranched poly(BDA2-AEPZ1)-MPZ in 
methanol. 
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6.3.4 Properties of hyperbranched polymers 
 
All the primary, secondary and tertiary amines terminated hyperbranched 
poly(BDA2-AEPZ1) had good solubility in methanol, water, chloroform, 
dichloromethane, acetone, DMSO, DMF and THF. The molecular weights of these 
polymers were evaluated by using GPC. The relative molecular weights based on 
polystyrene standards and the absolute values measured by a miniDAWN light 
scattering detector are listed in Table 6.1. These relative values were different from 
the absolute values due to the different hydrodynamic behaviors between 
hyperbranched poly(amino ester)s and polystyrene standards. For example, the 
absolute molecular weight of hyperbranched poly(BDA2-AEPZ1)-MPZ obtained was 
62500 higher than the relative value of 29200. In addition, the high PDI values of 
polymers obtained were reasonable for the staged polymerizations and 
polymerizations of AB2-type monomers. 
Table 6.1 The properties of the hyperbranched poly(amino ester)s with different 
terminal groups. 
 
polymer Mna PDIa Mnb PDIb Td (oC)c Tg (oC)
poly(BDA2-AEPZ1)-MPZ 29200 3.41 62500 3.70 238 -28.6 
poly(BDA2-AEPZ1)-PZ 28400 3.50 60400 3.80 224 -25.8 
poly(BDA2-AEPZ1)-AEPZ 38100 3.70 69800 3.90 210 -14.4 
 
Molecular weights were determined by GPC using 0.1 M piperidine + THF as the 
eluent and apolystyrene standards, or ba miniDAWN light scattering detector. cTaken 
as the temperature at which a 5% weight loss happened.  
 
     Hyperbranched polymers have an amount of terminal groups which have effects on 
their properties. As shown in Table 6.1, the terminal groups of hyperbranched 
poly(BDA2-AEPZ1) affect the properties apparently as reported for other 
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hyperbranched polymers.24, 49-51 The three kinds of hyperbranched poly(amino ester)s 
with different terminal groups were prepared from the same precursor, so their core 
structures were almost the same. With the terminal groups being changed from 
primary to secondary and tertiary amines, Tg decreased probably due to the decreased 
hydrogen bonding interaction, meanwhile, Td increased indicating an increased 
thermal stability.  
6.4 Conclusions 
On the basis of the amine reactivity sequence of 2o amines (original) > 1o amines >> 
2o amines (formed) for AEPZ (BB’B”-type monomer) in the Michael addition 
polymerization with diacrylate such as BDA (A2-type monomers), a novel 2A2 + 
BB’B” approach to hyperbranched poly(amino ester)s was set up. High molecular 
weight hyperbranched poly(amino ester) with vinyl terminal groups, poly(BDA2-
AEPZ1)-vinyl, was obtained by the Michael addition polymerization of AEPZ with a 
double molar BDA via B”A2-type intermediate. The B”A2-type intermediate was 
formed from B’B”A intermediate. The vinyl terminal groups were tuned into primary, 
secondary and tertiary amines, respectively, and the terminal groups had effects on the 
properties of hyperbranched poly(amino ester)s. The hyperbranched poly(amino 
ester)s obtained had hyperbranched structures close to those from AB2-type 
monomers as reflected by the ratio of Rg/Rh of 1.0, which coincided with the 
mechanism of polymerization. The properties of these novel poly(amino ester)s with 
different types of terminal amines for DNA delivery will be investigated in the next 
chapter. 
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EFFECT OF TERMINAL GROUPS ON GENE TRANSFER EFFICIENCY OF 
HYPERBRANCHED POLY(AMINO ESTER)S 
 
7.1 Introduction 
7.2 Experimental section 
7.2.1 Materials 
7.2.2 Hydrochlorination of polymers 
7.2.3 Particle sizing and zeta potential measurements 
7.3 Results and discussion 
7.3.1 Polymer synthesis 
7.3.2 Degradability and cytotoxicity 
7.3.3 DNA condensation capability 





     The development of synthetic polymer drugs and therapeutics is now one of the 
most active areas of biomedical research both in academic laboratories and the 
pharmaceutical industry.1 In particular, polymer-based nonviral vectors for gene 
delivery are promising for applications in gene medicine, genetic immunization and 
tissue engineering, which have been widely investigated.2-7  
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Hyperbranched polymers have some properties similar to dendrimers, such as good 
solubility and low solution viscosity in spite of lower degrees of branching. But 
synthetic approaches of hyperbranched polymers are more straightforward and 
economical. Hyperbranched polymers have been applied for preparing blends,8-11 
coatings,12, 13 drug delivery systems,14-16 and as light emitting materials,17, 18 
conductive materiers19, 20 and supramolecular self-assembly materials.21-24  
 In chapter six, we have developed a novel 2A2+BB’B” approach to hyperbranched 
poly(amino ester)s with tunable terminal primary, secondary or tertiary amines. It was 
reported that different types of amines, i.e., primary, secondary and tertiary amines, 
probably play different roles in gene delivery, such as the condensation of DNA and 
formation of the pH-buffering “proton sponge” facilitating the escape of vectors from 
lysosomes.25, 26 Therefore, it is interesting to investigate how the terminal groups of 
hyperbranched poly(amino ester)s affect the property of hyperbranched poly(amino 
ester)s for DNA delivery. In this chapter, the cytotoxicity, DNA condensation 
capability, and DNA transfection efficiency of the hyperbranched poly(amino ester)s 
of different terminal groups were evaluated. The effects of the terminal groups on 
DNA delivery were discussed.  
7.2 Experimental section 
7.2.1 Materials 
    1,4-Butanediol diacrylate (BDA, 90%), 1-(2-aminoethyl) piperazine (AEPZ, 99%), 
N-methyl piperazine (MPZ, 99%), benzyl 1-piperazine carboxylate (ZPZ, 98%), 3-
(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), DMSO (99.9%) 
and palladium on carbon (Pd/C, 10%) were purchased from Aldrich. Piperidine (99%) 
was received from Lancaster. Chloroform, DMF, diethyl ether and actone were 
obtained from Tedia. BDA was purified by vacuum distillation (90 0C/50 Pa) in the 
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presence of a little amount of hydroquinone. After being amplified in E. coli and 
purified according to the supplier’s protocol (Qiagen, Hilden, Germany), Plasmid 
DNA (pCMV-Luc) (kindly donated by Yoshiharu Matsuura, National Institute of 
Infectious Diseaes, Tokyo, Japan) was re-suspended in TE buffer and kept in aliquots 
at a concentration of 1 mg/mL for use. DMSO was dried using molecular sieves, and 
other reagents were used as received. 
7.2.2 Hydrochlorination of polymers 
      0.5 g of the resulting polymer (poly(BDA2-AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-
MPZ or poly(BDA2-AEPZ1)-PZ) was dissolved in 10 mL of acetone, and the 
solution was slowly dropped into the mixture of 100 mL of acetone and 5 mL of 10 M 
HCl solution. The white precipitate was collected and dried under vacuum at 65 0C 
for 7 days. 
7.2.3 Particle sizing and zeta potential measurements 
     Particle sizing experiments and zeta potential measurements were performed using 
a ZetaPALS dynamic light scattering detector (Brookhaven Instruments Corporation, 
Holtsville, NY, 15 mW laser, incident beam = 676 nm). DNA/polymer complexes 
were prepared as described in chapter 3 for gel retardation analysis. Average particle 
sizes and zeta potentials were determined at 25 oC. Correlation functions were 
collected at a scattering angle of 90 oC, and particle sizes were calculated using the 
MAS option of BIC’s particle sizing software (version 2.30), using the viscosity and 
refractive index of pure water at 25 oC. Particle sizes are expressed as effective 
diameters assuming a log-normal distribution. Average electrophoretic mobilities 
were measured at 25 oC using BIC PLAS zeta potential analysis software, and zeta 
potentials were calculated using the Smoluchowsky model for aqueous suspensions. 
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7.3 Results and Discussion 
7.3.1 Polymer synthesis 
   In chapter 6, we have described the preparation of hyperbranched poly(amino 
ester)s with terminal primary, secondary or tertiary amine groups. All the poly(amino 
ester)s obtained had good solubility in methanol, water, chloroform, dichloromethane, 
acetone, DMSO, DMF and THF. Herein we converted pure polymers into 
hydrochloric salts through hydrochlorination. The hydrochloric salts of these 
poly(amino ester)s are white powders soluble in water, but cannot dissolve in organic 
solvents. Their structures are shown in Scheme 7.1. 
Scheme 7.1 The structures of protonated poly(BDA2-AEPZ1)-AEPZ, poly(BDA2-









































































7.3.2 Degradability and cytotoxicity 
     Like other kinds of poly(amino ester)s investigated,27, 28 the protonated  
poly(BDA2-AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-MPZ and poly(BDA2-AEPZ1)-PZ 
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are degradable in aqueous solution through hydrolysis of the ester groups. The 
hydrolysis processes of these polymers were monitored using 1H NMR. After 
hydrolysis of the ester group, the peaks attributed to the protons attached to the α and 
β carbons in the 1, 4-butanediol butane shifted from ca 4.15 ppm and ca 1.70 ppm to 
ca 3.50 ppm and ca 1.55 ppm, respectively. Therefore, the degree of hydrolysis could 
be monitored by the change in the ratio of the integral intensities of the three peaks, 
I4.15 / (I1.7+I1.55). Around 35% of the ester groups were broken after 45 days in an 
aqueous solution. The hydrolysis is slower as compared to the protonated linear 
poly(amino ester)s.28 Probably the densely hyperbranched spatial structure protects 
the ester group from hydrolysis. In addition, the different terminal groups show little 
effect on the hydrolysis profiles, which may be due to the same internal spatial 


























Figure 7.1 Comparison of the cytotoxicity of a) protonated poly(BDA2-AEPZ1)-
MPZ; b) protonated poly(BDA2-AEPZ1)-AEPZ; c) protonated 
poly(BDA2-AEPZ1)-PZ; and d) PEI (25 K) in Cos7 cells. Values were 
presented as mean ± standard deviation (n = 4). 
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Figure 7.2 Comparison of the cytotoxicity of a) protonated poly(BDA2-AEPZ1)-
MPZ; b) protonated poly(BDA2-AEPZ1)-AEPZ; c) protonated 
poly(BDA2-AEPZ1)-PZ; and d) PEI (25 K) in HEK293 cells. Values 
























 Figure 7.3 Comparison of the cytotoxicity of a) protonated poly(BDA2-AEPZ1)-
MPZ; b) protonated poly(BDA2-AEPZ1)-AEPZ; c) protonated 
poly(BDA2-AEPZ1)-PZ; and d) PEI (25 K) in HepG2 cells. Values were 
presented as mean ± standard deviation (n = 4). 
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   Cytotoxicity of a polymer is an important factor determining whether it is suitable to 
function as a safe biomaterial (like gene carrier) or not.  Cytotoxicity may also affect 
the gene expression via hindering or interfering with the transcription and translation 
processes in cells. In chapter 5, we reported that the linear poly(amino ester)s, 
poly(BDA-AEPZ), showed low toxicity to Cos7 and HEK293 cells owing to the 
degradability and nontoxic degradation products. In vitro cytotoxicity of the 
protonated poly(BDA2-AEPZ1) -AEPZ, poly(BDA2-AEPZ1)-MPZ and poly(BDA2-
AEPZ1)-PZ were evaluated in Cos7 and HEK 293 cells using MTT assay, and the 
results as described in Figures 7.1 and 7.2 show that these hyperbranched poly(amino 
ester)s also have lower cytotoxicity than PEI (25 K). Protonated poly(BDA2-AEPZ1)-
MPZ exhibited the lowest toxicity both in Cos7 and HEK293 cells, while protonated 
poly(BDA2-AEPZ1)-AEPZ and poly(BDA2-AEPZ1)-PZ showed slight higher 
toxicity. The IC50s of PEI in Cos7 and HEK 293 cells were below 30 µg/mL, while 
the cell viability remained above 60% even when the concentrations of these 
protonated poly(amino ester)s were up to 250 µg/mL. Similar result was obtained for 
the cytotoxicity of theses polymers in HepG2 cells (Figure 7.3).   
7.3.3 DNA condensation capability 
   All the protonated poly(amino ester)s could condense DNA efficiently. As indicated 
by the gel electrophoresis results, the migration of DNA was retarded completely 
when the weight ratios (polymer/DNA) was higher than 1, 2 and 2 for poly(BDA2-
AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-MPZ and poly(BDA2-AEPZ1)-PZ (Figure 7.4). 
Poly(BDA2-AEPZ1)-AEPZ with primary terminal amines showed strongest DNA 
condensation capacity, which agrees with the previous results that primary amine is to 
participate in forming complexes with DNA through ionic interaction with phosphate 
groups.25, 26   
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Figure 7.4 Agarose gel electrophoresis retardation of DNA (pCMV-Luc) by 
protonated poly(amino ester)s: (a, b) poly(BDA2-AEPZ1)-AEPZ; (c) 
poly(BDA2-AEPZ1)-MPZ and (d) poly(BDA2-AEPZ1)-PZ. Lane 
numbers correspond to different DNA/polymer weight ratios as follows: 
(1) 1:0 (DNA only), (2) 1:1, (3) 1:2, (4) 1:3, (5) 1:4, (6) 1:6, (7) 1:8, (8) 
1:10; (1’) 1:0 (DNA only), (2’) 1:0.1, (3’) 1:0.2, (4’) 1:0.4, (5’) 1:0.6, 
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Figure 7.5 Average effective diameters of the complexes formed from DNA and the 
protonated poly(BDA2-AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-MPZ and 
poly(BDA2 -AEPZ1)-PZ under different weight ratios. 
 
     To further understand the formation properties of the complexes under different 
weight ratios, the particle sizes and ξ-potentials of these protonated polymer/DNA 
complexes were investigated using a ZetaPALS dynamic light scatting detector. As 
reflected in Figure 7.5, when the weight ratio of polymer to DNA is more than 5, the 
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sizes of complexes of DNA and all three poly(amino ester)s were below 200 nm. The 
formation of small particles should be attributable to the positive surface charges of 
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Figure 7.6 Average ξ-potentials of the complexes formed from DNA and the 
protonated poly (BDA2-AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-MPZ and 
poly(BDA2-AEPZ1)-PZ under different weight ratios. 
 
7.3.4 Transfection efficiency in vitro       
     Transfection efficiency of the DNA complexes from protonated poly(BDA2-
AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-MPZ and poly(BDA2-AEPZ1)-PZ were 
evaluated in Cos7, HEK 293 and HepG2 cells. The results were shown in Figures 7.7-
7.9. In Cos7 and HEK 293 cells, all the three kinds of hyperbranched poly(amino 
ester)s, poly(BDA2-AEPZ1)-AEPZ, poly(BDA2-AEPZ1)-MPZ and poly(BDA2-
AEPZ1)-PZ, showed the highest transfection efficiencies when the weight ratios of 
polymer to DNA ranges from 30: 1 to 60 : 1. Remarkably, the transfection efficiencies 
obtained similar to or even higher than those of the control experiments employing 
PEI (25k) under optimal conditions. In HepG2 cells, protonated poly(BDA2-AEPZ1)-
AEPZ still showed transfection efficiency similar to that of PEI (25 K), but the values 
obtained for poly(BDA2-AEPZ1)-PZ and poly(BDA2-AEPZ1)-MPZ were ca. 30% 
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and 15% of those for PEI (25 K), respectively. All transfection efficiencies were 
obtained in the absence of chloroquine, a commonly used weak base to enhance in 
vitro transfection through facilitating the release of DNA vectors from endosomes.  
      The good transfection efficiency of all the three kinds of hyperbanched 
poly(amino ester)s with different terminal groups should be attributed to proton 
sponge formed by the simultaneous existence of tertiary amines and varied amine 
terminal groups. The biodegradability of these poly(amino ester)s may also favor the 
release of DNA after the complexes entered cells, which also enhance transfection 
efficiency. The better performance of poly(BDA-AEPZ1)-AEPZ as compared to 
poly(BDA2-AEPZ1)-MPZ and poly(BDA2-AEPZ1)-PZ should result from that the  
outer primary amines provide more efficient condensation of DNA than the secondary 























Figure 7.7 Transfection efficiencies of the complexes of protonated poly(BDA2-
AEPZ1)-AEPZ/DNA (pCMV-Luc) complexes in HEK293, Cos7 and 
HepG2 cells in comparison with those of PEI (25 kDa). The transfection 
efficiencies of PEI (25 K) were obtained under an optimal N/P ratio of 
10:1. Values were presented as mean ± standard deviation (n = 4). 
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Figure 7.8 Transfection efficiencies of the complexes of protonated poly(BDA2-
AEPZ1)-MPZ/DNA (pCMV-Luc) complexes in HEK293, Cos7 and 
HepG2 cells in comparison with those of PEI (25 kDa). The transfection 
efficiencies of PEI (25 K) were obtained under an optimal N/P ratio of 























Figure 7.9 Transfection efficiencies of the complexes of protonated poly(BDA2-
AEPZ1)-PZ/DNA (pCMV-Luc) complexes in HEK293, Cos7 and 
HepG2 cells in comparison with those of PEI (25 kDa). The transfection 
efficiencies of PEI (25 K) were obtained under an optimal N/P ratio of 
10:1. Values were presented as mean ± standard deviation (n = 4). 
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7.4 Conclusions 
All the three kinds of hyperbranched poly(amino ester)s, poly(BDA2-AEPZ1)-
AEPZ, poly(BDA2-AEPZ)-MPZ and poly(BDA2-AEPZ)-PZ, have similar 
degradation behavior, good  DNA condensation capacity, low  cytotoxicity and good 
DNA transfection ability. But the terminal primary amine groups render poly(BDA2-
AEPZ1)-AEPZ the stronger capability to condense DNA and the higher transfection 
efficiency in Cos7, HEK293 and HepG2 cells in comparison with the other two 
poly(amino ester)s with terminal secondary or tertiary amine groups.  
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     Dendritic polymers have been applied in various fields.1-5 One application is for 
preparing nonviral vectors for safe and efficient gene delivery.6-14 Lack of safe and 
efficient vectors for gene delivery is a main hurdle to the success of gene therapy. 
Due to immunogenic problems caused by viral vectors, nonviral vectors have been 
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attracting much attention. Different kinds of polymers have been investigated for 
preparing nonviral vectors,6-26 however, polyethylenimine (PEI) still is one of the best 
polymers for DNA delivery. The high gene transfection efficiency of PEI is attributed 
to its proton sponge effects making gene vectors escape from endosome easily. The 
proton sponge is attributed to the simultaneous existence of primary, secondary and 
tertiary amines.10-12 But PEI shows significant levels of cytotoxicity either in vitro or 
in vivo, and its long-term safety is problematic as well due to its 
nonbiodegradability.12 So biodegradable polymers of amine constitutions similar to 
PEI are desirable for preparing safe and efficient nonviral vectors for gene delivery.  
      However, no such kinds of biodegradable polymers with amine constitutions 
similar to PEI hitherto have been obtained.1-22 Hyperbranched PEI is prepared via 
cationic polymerization of aziridine, a kind of AB2 monomer. Classic AB2 approach 
to hyperbranched polymers27-31 has been applied to prepare biodegradable 
hyperbranched poly(amino ester)s containing tertiary amines in the core and primary 
amines in the periphery but without secondary amines.13, 14 Low cytotoxicity oligomer 
PEIs were combined together through reaction with those species containing 
biodegradable units,32-35 which can be classified as the polymerization of multi-
functional monomers with equal reactivity.36-39 So gelation occurs easily in those 
approaches leading to poor reproducibility, and the combined oligo-PEIs are not 
really biodegradable in respect of oligo-PEI fragments although they have amine 
constitutions similar to PEI.  
      Polymerizations of multifunctional monomers of suitable unequal reactivity have 
been demonstrated to be feasible for preparing hyperbranched polymers. In addition 
to easily available monomers and practical one-pot processes, those approaches can 
also provide unique hyperbranched polymers.40-52 Based on the Michael addition 
polymerization of tirfunctional amines with diacrylates or diacylamides, we have 
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obtained linear poly(amino ester)s or poly(amino amide)s containing secondary and 
tertiary amines in the backbones;53-55 Also hyperbranched poly(amino ester)s with 
tertiary amine in the core and tunable primary, secondary and tertiary amines in the 
periphery were produced via a novel 2A2 + BB’B” approach.52 Further, in this chapter 
we exploited a novel A3 + 2BB’B” approach to hyperbranched poly(amino ester)s, 
where A3 is a triacrylate, BB’(B”) is a trifunctional amine, and B, B’, and B” 
represent the 2o amine (original), 1o amine, and 2o amine (formed), respectively. As 
described by the route B in Scheme 8.1, hyperbranched poly(amino ester)s are 
expected to be formed via A(B’B”)2 intermediate, which is formed through the 
reaction of the A3 with the double molar B group of the highest reactivity. The B”, the 
2o amine (formed), should be kept intact in the reaction due to the lowest reactivity, 
hence novel poly(amino ester)s produced should contain primary, secondary and 
tertiary amines similar to PEI. As a demonstration, this kind of hyperbrnached 
poly(amino ester)s was prepared via the Michael addition polymerization of a 
triacrylate, trimethylol-propane triacrylate (TMPTA) (A3-type monomer), with a 
double molar AEPZ (BB’B” type-monomer). The polymerization mechanism was 
investigated. The chemistry and hyperbranched structure, the degradability and 
cytotoxicity, DNA condensation capability, and the transfection efficiency for DNA 
delivery in vitro of the poly(amino ester) obtained were characterized and evaluated.   
8.2 Experimental section 
8.2.1 Materials  
1-(2-Aminoethyl)piperazine (AEPZ, 99%), trimethylolpropane triacrylate (TMPTA, 
88%), deuterium chloroform, deuterium oxide, and MTT (3-(4,5-dimethyl-thiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) were purchased from Aldrich (Milwaukee, WI, 
USA). Chloroform and acetone were obtained from Tedia. TMPTA was purified by 
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passing a silica gel column using a mixture of hexane and diethyl ether (volume ratio 
= 2:1) as the eluent. The other reagents were used without further purification. 
Plasmid DNA (pCMV-Luc) was obtained from Elim Biopharmaceuticals, California. 
8.2.2 In situ monitoring polymerization processes 
Typically, TMPTA was added into a solution of a double molar AEPZ in deuterium 
chloroform in a NMR tube. The monomer concentrations were around 20 % (w/v) and 
the polymerizations were performed at ambient temperature. 13C-NMR spectra were 
recorded using a power-gated decoupling program (PD). 200 times scan taking 
around 10 min was enough to get a good 13C-NMR spectrum. 
8.2.3 Synthesis of hyperbranched poly(TMPTA1-AEPZ2)  
In a typical process, 5.4 mmol of TMPTA was added dropwise to a solution of 10.8 
mmol of AEPZ in 20 mL of chloroform under stirring. After the polymerization was 
conducted under ambient temperature for 8 days, the solution was precipitated into 
400 mL of acetone containing 5 mL of hydrochloric acid (10 M).  The polymer was 
collected and washed with acetone followed by drying in vacuum at 50 °C for 5 days. 
For MS (ESI), samples were drawn from the reaction mixture at certain periods 
followed by dilution to 1 × 10-6 g/mL using chloroform to avoid further reaction. 
8.3 Results and discussion 
8.3.1 The mechanism of polymerization   
The polymerization of TMPTA + 2AEPZ was performed in chloroform at ambient 
temperature. 13C NMR as shown in Figure 8.1c reflects that almost all the vinyl 
groups in TMPTA were consumed in ca. 197 h, but no gelation occurred through the 
reaction. In general, this could be attributed to the different reactivity of the three 
types of amines in AEPZ.16, 20, 21 However, further investigation was necessary to get 
a detailed understanding of the mechanism of polymerization. As described in 
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Scheme 8.1, there are three possible reaction routes to the intermediates of the 
polymerization of TMPTA + 2AEPZ. Firstly AEPZ reacts with an equimolar TMPTA 
forming TMPTA-AEPZ (A2B’B” intermediate). Then the self-polymerization of 
A2B’B” intermediate may occur with AEPZ monomer being left in the route A, or 
TMPTA-2AEPZ (A(B’B”)2  intermediate) is formed through the reaction of AEPZ 
and A2B’B” intermediate in the route B, or the A(B’B”)2 intermediate reacts with 
AEPZ provides TMPTA-3AEPZ ((B’B”)3 intermediate) with coexistence of  A2B’B” 
intermediate in the route C.  
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Figure 8.1 Comparison of 13C-NMR spectra recorded in situ for the polymerization of 
TMPTA + 2AEPZ with a monomer concentration of 20% (w/v) in CDCl3 
at ambient temperature for a) 0.40 h; b) 11.8 h; c) 197.0 h. 
 
     In order to identify the reaction route, the polymerization was monitored in situ 
using 13C-NMR and MS (ESI). The results of 13C NMR and MS (ESI) are shown in 
Figure 8.1 and 8.2, respectively. Figure 8.1a indicates that the most reactive 2o amine 
(original) reacted with TMPTA, similar to our previous results,52-55 forming the 
A2B’B” or A(B’B”)2  intermediate as indicated by the peaks such as b2 at ca 61.4 ppm 
at the beginning of the reaction. When the polymerization was performed for ca 11.8 
h, Figure 8.1b shows that all the 2o amines (original) in AEPZ were consumed as 
reflected by the total disappearance the peaks such as b1 at 62.1 ppm, meanwhile, the 
appearance of the relatively weak peaks such as b3 at 58.1 ppm indicated that only a 
little amount of the 2o amines (formed) were formed. Therefore, no reaction as 
described by the route A occurred. This is reasonable due to the lower reactivity of 
the 1o amine as compared with the 2o amine (original). 
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Figure 8.2 Mass spectrum of a) the product of the reaction of TMPTA + 4AEPZ in 
chloroform at ambient temperature for 24 h, and b) the sample drawn 
from the polymerization solution of TMPTA + 2AEPZ in chloroform at 
ambient temperature for 11.8 h. The samples were diluted to 1 × 10-6 
g/mL in chloroform for MS (ESI).  
 
     It is difficult to differentiate A2B’B”, A(B’B”)2  and (B’B”)3 intermediates using 
NMR, however, MS (ESI) is a useful tool. A model compound (B’B”)3 was prepared 
via TMPTA + 4AEPZ and a peak of the triply charged (B’B”)3 at m/z = 228.9 appears 
in the MS (ESI) of the reaction product as shown in Figure 8.2a. However, no such a 
peak appears in the MS (ESI) of the product of the polymerization of TMPTA + 
2AEPZ after 11.8 h as depicted in Figure 8.2b indicating no formation of (B’B”)3. 
Note that at this stage AEPZ was consumed as indicated by 13C NMR in Figure 8.1b, 
therefore, A2B’B” couldn’t be found as well.  The peak of A2B’B” intermediate at m/z 
= 426.29 in Figure 8.2b should be the fragment formed in the MS (ESI) experiment. 
Therefore only A(B’B”)2 intermediate existed as the precursor of the polymer as 
described by the route B, supported by the appearance of a relatively intensive peak 
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of doubly charged A(B’B”)2 intermediate at m/z = 278.35 in Figure 8.2b.  Probably 
the steric hindrance and inductive effects of the two attached AEPZ groups in 
A(B’B”)2 intermediate reduce the reactivity of the remained vinyl groups, so the route 
C was hindered.  
   Figure 8.1c shows that almost all the peaks of vinyl groups disappeared after 197.0 
h indicating that all the A(B’B”)2 intermediates were converted to hyperbranched 
poly (TMPTA1-AEPZ2); meanwhile, the 2o amine (formed) was kept intact in the 
reaction as illustrated by no appearance of the peaks adjacent to the tertiary amine 
from the 2o amine (formed).53 Hence the hyperbranched poly(TMPTA1-AEPZ2) 
produced contains secondary and tertiary amines in the core and primary amines in 
the periphery similar to PEI as described in Scheme 8.1. Moreover, hyperbranched 
poly(TMPTA1-AEPZ2) should have a focal unit containing a vinyl group as indicated 
in Scheme 8.1. Almost disappearance of the vinyl group in Figure 8.1c implies that 
hyperbranched poly(TMPTA1-AEPZ2) of a high molecular weight was produced. 





















































Figure 8.3 The enlarged 13C-NMR spectrum of protonated poly(TMPTA1-AEPZ2) in 
D2O. 
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     The polymerization of TMPTA + 2AEPZ could be performed in chloroform at 
ambient temperature due to the reasonable reactivity of the 2o amine (original) and 1o 
amine. Pure solid neutral poly(TMPTA1-AEPZ2) became insoluble in the purification 
process, probably caused by the further intermolecular reaction between the 
secondary and/or primary amine with the carbonyl group. So only soluble protonated 
poly(TMPTA1-AEPZ2) was obtained due to the reduced reactivity of the protonated 
amines. Figure 8.3 is the 13C NMR spectroscopy of the protonated hyperbanched 
poly(TMPTA1-AEPZ2). There is one type of carbon linked to the primary amine with 
the peak a1 at 42.6 ppm, two types of carbons linked to the secondary amine with the 
peaks a2 and g2 at 43.5 ppm and 40.3 ppm, and eight types of carbons linked to the 
tertiary amine with the peaks at 48.4 ppm (d1+d2), 48.8 ppm (c1+c2), 51.4 ppm (b1), 
51.9 ppm (e1+e2), 52.5 ppm (b2). The molecular weight (Mw) of the protonated 
poly(TMPTA1-AEPZ2) measured using GPC was ca 23300 based on poly(ethylene 
oxide) standards and ca 36900 as determined by a laser light scattering detector with a 
PDI of 1.68. 
The DB of hyperbranched poly(TMPTA1-AEPZ2) should be evaluated by taking 
the A(B’B”)2 intermediate as a starting monomer similar to the case of the 
hyperbranched poly(amino ester)s obtained via the 2A2 + BB’B” approach,52 so the 
terminal, linear and dendritic units are defined as in Scheme 8.1. Nevertheless, the 
structural difference among the linear and terminal/dendritic units couldn’t be 
distinguished in either 1H or 13C NMR, so the DB according to this definition was 
difficult to be measured.  
The ratio of hydrodynamic radius (Rh) to radius of gyration (Rg) of polymer can 
provide information of hyperbranched structures.52, 56-61 An aqueous solution of 
protonated poly(TMPTA1-AEPZ2) was prepared for the measurement of Rh and Rg. 
Rh of poly(TMPTA1-AEPZ2) was measured to be 4.6 nm with a PDI of 0.238 using a  
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laser dynamic light scattering  (LDLS), and Rg was determined to be 5.1 nm using a 
SAXS.22 The ratio of Rg/Rh for protonated poly(TMPTA1-AEPZ2) was 1.1 indicating 
that the spatial structure was similar to those obtained from AB2-type monomers,59-61 
which coincided with the mechanism of polymerization as described in Scheme 8.1. 
8.3.3 Degradability and cytotoxicity  
    Similar to other kinds of poly(amino ester)s,15, 53 poly(TMPTA1-AEPZ2) is 
degradable through the hydrolysis of the ester group. The hydrolysis process of 
poly(TMPTA1-AEPZ2) in aqueous solution was monitored using 1H NMR. Upon 
hydrolysis of the ester group, the peak attributed to the proton attached to the 
α carbon in the trimethylolpropane shifted from ca 4.2 ppm to ca 3.5 ppm, but the 
peak attributed to the proton attached to the methyl group in the trimethylolpropane 
was kept unchanged at 0.9 ppm during the hydrolysis. Therefore, the degree of 
hydrolysis could be monitored by the change in the ratio of the integral intensities of 
the two peaks, I4.2 /I0.9. Around 30 % of the ester groups were broken after 130 days in 
an aqueous solution. The hydrolysis is slower as compared to the protonated linear 
poly(amino ester)s.53 Probably the densely hyperbranched spatial structure protects 
the ester group from hydrolysis. 
The cytotoxicity of the protonated poly(TMPTA1-AEPZ2) was evaluated in HEK 
293 cells. As depicted in Figure 8.4, the cell viability was still up to ca. 70 % when 
the concentration of poly(TMPTA1-AEPZ2) was 500 µg/mL.  In comparison, PEI 
(25 K) showed significant toxicity shown by that less than 20% of cell was viable 
when the concentration of PEI (25 K) was higher than 40 µg/mL. Therefore, 
protonated poly(TMPTA1-AEPZ2) has excellent low cytotoxicity profile making it 
promising as biomaterial. The cytotoxicity of cationic polymers was probably caused 
by polymer aggregation on cell surfaces impairing the important membrane 
functions.62 Also polymers may interfere with critical intracellular processes of cells, 
Chapter 8 A3+2BB’B” approach to hyperbranched poly(amino ester)s:  
                    a kind of degradable polyethylenimine for safe and efficient DNA delivery 
 145
especially, primary amine was reported to disrupt PKC function through disturbing 
protein kinase activity.63 Poly(TMPTA1-AEPZ2) contains an amount of primary 





















 Figure 8.4 Comparison of the cytotoxicity of a) protonated poly(TMPTA1-AEPZ2) 
with b) PEI (25 K) in HEK293 cells. Values were presented as mean  ± 
standard deviation (n = 4). 
 
8.3.4 DNA condensation capability  





Figure 8.5 Agarose gel electrophoresis retardation of DNA (pCMV-Luc) by 
protonated hyperbranched poly(TMPTA1-AEPZ2). Lane numbers 
correspond to different DNA/polymer weight ratios as follows: (1) 1:0 
(DNA only), (2) 1:0.6, (3) 1:0.8, (4) 1:1, (5) 1:1.5, (6) 1:2, (7) 1:3, 
(8) 1:4. 
 
The protonated primary, secondary and tertiary amines in poly(TMPTA1-AEPZ2) 
could interact with negatively charged DNA enabling formation of stable complexes.  
The results of agarose gel electrophoresis demonstrated that the migration of DNA 
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was retarded completely when the weight ratio of poly(TMPTA1-AEPZ2)/DNA was 




























Weight ratio of protonated poly(TMPTA1-AEPZ2)/DNA
 
Figure 8.6 Effect of the weight ratio on the diameter and ξ-potential of the complex 




   Figure 8.6 indicates that the biggest complex with a diameter of 687 nm was formed 
when the weight ratio of polymer/DNA was 1/1, meanwhile, a charge neutrality was 
achieved under this condition. So a neutral charge might result in aggregation of the 
complexes. When the polymer/DNA weight ratio was increased to be higher than 5:1, 
the positive charge of the complexes increased and leveled off at ca 39 mV, and the 
diameter ranged from 50 to 150 nm as depicted in Figure 8.6.  
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Figure 8.7 Transfection efficiency of the complexes of protonated poly(TMPTA1-
AEPZ2)/DNA (pCMV-Luc) complexes in HEK293 cells in comparison 
with that of PEI (25 kDa). The transfection efficiency of PEI (25 K) was 
obtained under an optimal N/P ratio of 10:1. Values were presented as 
mean ± standard deviation (n = 4). 
 
     Transfection efficiency of the complexes formed from protonated poly(TMPTA1-
AEPZ2) and DNA was evaluated in HEK293 cells, and  the results are shown in 
Figure 8.7. The highest transfection efficiency was obtained when the polymer/DNA 
weight ratio was ca 20:1. This value was around 70% of the control experiments 
employing PEI (25 k). It should be noted that this transfection efficiency was obtained 
in the absence of chloroquine, a commonly used weak base to enhance in vitro 
transfection through facilitating the release of DNA vectors from endosomes. The 
high transfection efficiency of poly(TMPTA1-AEPZ2) should be due to ‘proton 
sponge effects’ formed by the simultaneous existence of primary, secondary and 
tertiary amines similar to PEI. The proton sponge effects facilitate the release of DNA 
from endosomes due to good buffer capability.10-12 In addition, the biodegradability of 
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poly(TMPTA1-AEPZ2) may also favor the release of DNA after the complexes 
entered cells, which also facilite DNA transfection.  
8.4 Conclusions 
 A novel A3 + 2BB’B” approach, e. g., the Michael addition polymerization of 
trimethylol-propane triacrylate (TMPTA) (A3 monomer) with a double molar 1-(2-
aminoethyl)piperazine (AEPZ) (BB’B”-type monomer), was set up to prepare new 
hyperbranched poly(amino ester). Hyperbranched poly(TMPTA1-AEPZ2) was 
formed via A(B’B”)2 intermediate with  the B” (the 2o amine (formed)) being kept 
intact, therefore, hyperbranched poly(TMPTA1-AEPZ2) had an amine constitution 
similar to PEI, i.e., containing secondary and tertiary amines  in the core and primary 
amines in the periphery. Water-soluble protonated poly(TMPTA1-AEPZ2) is 
degradable, and showed low cytotoxicity, good DNA condensation capability, and 
transfection efficiency comparable to PEI (25 K) for DNA delivery in vitro. All these 
properties make this novel kind of poly(amino ester)s promising for preparing safe 
and efficient nonviral vectors for gene delivery.   
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    The fluorescence technology has been applied in many areas; especially the 
fluorescence imaging technology plays more and more important roles in biological 
science.1-4 Fluorescence can be observed from organic materials typically containing 
aromatic molecules,1 and inorganic species such as lanthanides1, quantum dots or 
notable metal nanoclusters.3, 4  Very recently, it was reported that the two popular 
dendrimers, poly(amidoamines) (PAMAM) and poly(propyleneimine) (PPI),  showed 
strong photoluminescence under suitable conditions, and those dendrimers were 
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expected to function as novel fluorophores.5, 6 In chapter 6, we have developed an 
2A2+BB’B” approach to a novel kind of hyperbranched poly(amino ester)s with 
tunable terminal groups. In this chapter, we reported those hyperbranched poly(amino 
ester)s with primary amino groups, or hydroxyl groups could also emit blue 
photoluminescence. These poly(amino ester)s are biodegradable, and thus are more 
biocompatible than PAMAM and PPI. In addition, this phenomenon implied further 
that similar compacted spatial morphology and abundant terminal groups render 
hyperbranched polymers some properties similar to dendrimers.7-10 However, 
syntheses of hyperbranched polymers are much more straightforward and economical. 
9.2 Experimental section 
9.2.1 Materials 
1, 4-Butanediol diacrylate (BDA, 90%), 1-(2-aminoethyl) piperazine (AEPZ, 99%), 
2-amino ethanol (AEOL, 99+%), 3-amino-1,2-propanediol (APDIOL, 97%), 
deuterium chloroform, deuterium dimethyl sulfoxide (DMSO-d6), and DMSO (99.9%) 
were purchased from Aldrich. Piperidine (99%) was obtained from Lancaster. 
Chloroform and diethyl ether were received from Tedia. DMSO was dried using 
molecular sieves, BDA was purified by vacuum distillation (90 oC/50 Pa) in the 
presence of a little amount of hydroquinone, and other reagents were used as received.  
9.2.2 Synthesis of hyperbranched poly(BDA2-AEPZ1)-vinyl  
 
 In a typical process, 11.4 mmol of BDA was added into a solution of 5.7 mmol of 
AEPZ in DMSO (15 ml). The polymerization was performed at 70 oC under an argon 
stream. The reaction was stop ca. 101.0 h later when the ratio of the integral 
intensities of peaks at ca.5.6-6.4 ppm (attributed to the protons in the vinyl groups) to 
those at ca. 4.0 ppm (of α-carbons in the 1, 4-butanediol units) was close to 0.375 as 
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monitored by 1H-NMR. After cooling down to ambient temperature, the solution was 
used for tuning of terminal groups directly. 
9.2.3 Tuning of the terminal groups of hyperbranched poly(amino ester) 
 
Poly(BDA2-AEPZ1)-OH  The solution of poly(BDA2-AEPZ1)-vinyl in DMSO was 
added dropwise into a chloroform solution of AEOL. The molar ratio of AEOL to the 
residual vinyl groups was 10:1. The reaction was performed for half an hour. Then the 
solution was precipitated into diethyl ether under vigorous stirring. The polymer was 
collected and purified by precipitation from a chloroform solution into diethyl ether 
for three times followed by drying under vacuum at room temperature for 3 days. 
Poly(BDA2-AEPZ1)-(OH)2 The solution of poly(BDA2-AEPZ1)-vinyl in DMSO 
was added dropwise into a DMSO solution of APDIOL. The molar ratio of AEOL to 
the residual vinyl groups was 5:1. The reaction was performed for half of an hour, and 
the solution was precipitated into diethyl ether under vigorous stirring. The polymer 
was collected and purified by precipitation from a chloroform solution into diethyl 
ether for three times followed by drying under vacuum at room temperature for 3 days. 
Poly(BDA2-AEPZ1)-NH2 The solution of poly(BDA2-AEPZ1)-vinyl in DMSO was 
slowly added dropwise into a DMSO solution of AEPZ under stirring. The molar ratio 
of AEPZ to the residual vinyl group was 5:1. The reaction was performed for half of 
an hour, and the solution was precipitated into diethyl ether under vigorous stirring. 
The polymer was collected and purified by precipitation from a chloroform solution 
into diethyl ether for three times followed by drying under vacuum at room 
temperature for 3 days. 
9.2.4 Hydrolysis profile of poly(amino ester)s  
   The degradation of poly(amino ester)s in deuterium water solution was monitored in 
situ using 1H NMR. After the hydrolysis, the peak attributed to the proton attached to 
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the β-carbons in 1, 4-butanediol shifted from around 1.50 ppm to 1.37 ppm. Therefore 
the hydrolysis degree could be monitored by the change in the ratio of the integral 
intensities of the two peaks as expressed as I1.37/(I1.50 + I1.37).  
9.3 Results and discussion 
9.3.1 Synthesis and properties of hyperbranched poly(amino ester)s 
Scheme 9.1 Synthesis of hyperbranched poly(BDA2-AEPZ1)-vinyl 
HN























































Figure 9.1 Reaction scheme for preparing hyperbranched poly(amino ester)s with 
different terminal groups. 
 
As described in chapter 6, poly(BDA2-AEPZ1)-vinyl could be prepared by the 
Michael addition polymerization of a trifunctional amine, 1-(2-aminoethyl) piperazine 
(AEPZ), with a double molar diacrylate, 1, 4-butanediol diacrylate (BDA) (Scheme 
9.1). The terminal vinyl group was tuned to the target terminal group through the 
Michael addition reaction with an excess molar AEPZ,11 2-amino ethanol, and 3-
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amino-1,2-propanediol, and thereby novel hyperbranched poly(amino ester)s with 
primary amines (poly(BDA2-AEPZ1)-NH2), terminal mono-hydroxyl groups 
(poly(BDA2-AEPZ1)-OH) and diol groups (poly(BDA2-AEPZ1)-(OH)2) were 
obtained from poly(BDA2-AEPZ1)-vinyl as shown in Figure 9.1.  









































































































   The structures of the three hyperbranched poly(amino ester)s obtained were 
verified  by their 13C-NMR spectra as shown in Figure 9.2 and Figure 6.7.  The 
molecular weights and the degrees of branching of the three kinds of hyperbranched 
poly(amino ester)s were similar due to the same core. For poly(BDA2-AEPZ1)-NH2, 
Mn was ca. 62500 with a polydispersity index (PDI) of 3.41 measured using GPC with 
a light scattering detector. However, the molecular weights of poly(BDA2-AEPZ1)-
OH and poly(BDA2-AEPZ1)-(OH)2 were ca. 78700 and 87800 with a PDI of 1.89 
and 1.31 respectively. The difference of molecular weighs and PDIs among these 
hyperbranched poly(amino ester)s may be attributed to different function of terminal 
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groups, which have effects on their properties. Further, Rg and Rh were measured in 
methanol using laser light scattering and small angle X-ray scattering, respectively. 
Rg/Rh of 1.1 was close to the ratio of hyperbranched polymers from AB2 monomers 
indicating a hyperbrached spatial morphology.12, 13  
9.3.2 Fluorescence properties 
   0.5 mM (ca. 1% w/w) aqueous solutions of hyperbranched poly(amino ester)s were 
prepared for photoluminescence characterization. Figure 9.3 shows that poly(BDA2-
AEPZ1)-OH, poly(BDA2-AEPZ1)-NH2, and poly(BDA2-AEPZ1)-(OH)2 had 
emission bands at 473, 469 and 456 nm with the excited bands at 394, 373 and 372 
nm, respectively. In comparison with poly(BDA2-AEPZ1)-OH and poly(BDA2-
AEPZ1)-NH2, poly(BDA2-AEPZ1)-(OH)2 shows slight blue-shifted in an emission 
spectrum when all polymers were excited under UV irradiation at 372 nm as shown in 
Figure 9.4. These results indicate that different terminal structures of hyperbranched 
poly(amino ester)s significantly influenced the fluorescence properties. 
































Figure 9.3 Emission and excitation spectra of 0.5 mM aqueous solution of 
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Figure 9.4 Emission spectra for poly(BDA2-AEPZ1)-OH, poly(BDA2-AEPZ1)-NH2 
and poly(BDA2-AEPZ1)-(OH)2 with 372-nm excitation, concentrations of 
these polymers are 0.5 mM in deionised water. 
 
For these poly(amino ester)s, all the emission intensities increased with increased 
concentrations similar to that from PAMAM as shown in Figure 9.5.6 In addition, 
those hyperbranched polymers also showed similar fluorescent behavior in THF 
solutions (Figure 9.6). 






























poly(BDA2-AEPZ1)-OH,     Ex=394nm
poly(BDA2-AEPZ1)-NH2,    Ex=373nm
 
Figure 9.5 Fluorescence intensities of poly(BDA2-AEPZ1)-OH, poly(BDA2-
AEPZ1)-(OH)2 and poly(BDA2-AEPZ1)-NH2 at different 
concentrations. The wavelengths of excitation and emission for 
poly(BDA2-AEPZ1)-OH, poly(BDA2-AEPZ1)-(OH)2 and poly(BDA2-
AEPZ1)-NH2 were at 394, 372 and 373 nm and 473, 456 and 469 nm, 
respectively. 
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Figure 9.6 Emission spectra of 0.5 mM solution poly(BDA2-AEPZ1)-OH, 
poly(BDA2-AEPZ1)-(OH)2 and poly(BDA2-AEPZ1)-NH2 in THF 
with 394, 372 and 373 nm excitation, respectively. 
 
   The fluorescence from the dendrimers was attributable to the formation of some 
kinds of fluorescent chemical species with the structures still unidentified.5, 6 
Similarly, some kinds of fluorescent chemical species should be formed in the 
solutions of poly(amino ester)s reported here. For example, a new absorption band at 
394 nm appeared in the UV spectrum of the aqueous solution of poly(BDA2-AEPZ1)-
OH as indicated in Figure 9.7. 














 Figure 9.7 Subtraction of the UV–vis absorption spectrum of 0.5 mM aqueous 
solution poly(BDA2-AEPZ1)-OH exposed to air for 6 days with that of 
the original solution.   
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      Hyperbranched poly(amino ester)s have several structural features similar to 
PAMAM, i.e., the abundant terminal groups, dendritic morphology albeit with lower 
degrees of branching, coexistence of tertiary amines and carbonyl groups in the core 
(esters groups for poly(amino ester)s and amide groups for PAMAM). But no 
photoluminescence was observed from 0.5 mM aqueous solutions of model polymers, 
i.e., linear poly(amino ester), poly(BDA-PZ), containing ester groups and tertiary 
amines in the backbones prepared via the polymerization of BDA and piperazine (PZ) 
(Mn=11000, Mw/Mn=1.94)14 or a commercially available hyperbranched 
polyethylenimine (PEI) (Mn = 25000) containing primary amines in the periphery and 
secondary and tertiary amines in the core (Figure 9.8). Hence, a coexistence of tertiary 
amines and carbonyl groups in the core, and compacted dendritic architecture with 
abundant suitable terminal groups was indispensable to showing blue fluorescence. 
Neither the coexistence of tertiary amines and carbonyl groups as in the linear 
poly(BDA-PZ) nor the combination of the hyperbranched structures and the amines as 







Figure 9.8 Illumination photographs of 0.5 mM aqueous solutions of compounds. The 
solutions were excited under 365-nm irradiation. (1) 0.01 mM quinine 
sulphate; (2) poly(BDA2-AEPZ1)-OH (pH=3); (3) poly(BDA2-AEPZ1)-
OH (pH=7); (4) poly(BDA2-AEPZ1)-(OH)2 (pH=3); (5) poly(BDA2-
AEPZ1)-(OH)2 (pH=7); (6) poly(BDA2-AEPZ1)-NH2 (pH=3); (7) 
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    The effect of oxidation through treatment with (NH4)2S2O8 (PS) or just exposure to 
air, and pH on the fluorescence property of hyperbranched poly(amino ester)s was 
investigated. In these processes, poly(amino ester)s might hydrolyze in aqueous 
solutions, which may affect the fluorescence properties. The hydrolysis behavior of 
poly(amino ester)s were monitored using the decreases in the relative content of ester 
bonds measured by 1H NMR.15 The results showed that the hydrolysis was much 
faster in acidic condition. From the hydrolysis profile of poly(BDA2-AEPZ1)-OH 
illustrated in Figure 9.9, ca. 80% of the ester bonds were hydrolyzed at pH 3 in 450 h, 
however, almost no hydrolysis was detectable at pH 7 or under PS treatment.  

























 PS-treated  
 
Figure 9.9 Hydrolysis profile of poly(BDA2-AEPZ1)-OH under different conditions. 
 
     At pH 7, Figure 9.10A shows that the fluorescence intensities of poly(BDA2-
AEPZ1)-OH increased by 4.7 times in ca. 50 h after PS treatment, and by 3.0 times in 
ca. 360 h after exposure to air, and then faded, respectively. Similarly, Figure 9.10B 
depicts that the maximum fluorescence intensities of poly(BDA2-AEPZ1)-NH2 were 
obtained in ca. 52 and 488 h with ca. 4.3 and 2.0 times increases by PS treatment and 
exposure to air, respectively. In comparison, Figure 9.10C reflects that the 
fluorescence intensity of poly(BDA2-AEPZ1)-(OH)2 increased much slowly and 
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leveled off after ca. 500 h, and the increscent degrees were less than 2.0 times for both 
oxidation methods. Note that the fluorescent chemical species were formed slowly 
from all the three polymers by exposure to air, but had fluorescence intensities being 
comparable or even higher than these obtained by PS treatment. 





































































































Figure 9.10 Time-course of fluorescence intensity of (A) poly(BDA2-AEPZ1)-OH, 
(B) poly(BDA2-AEPZ1)-NH2, (C) poly(BDA2-AEPZ1)-(OH)2 at pH 3 
and 7, or treated by PS, respectively. 
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 All the three hyperbranched poly(amino ester)s showed pH-dependent 
photoluminescence emission similar to PAMAM.6 Adjusting pH from 11.7 to 6.0 led 
to no significant changes in fluorescence intensities, but further reducing pH from 6.0 
to 2.0 led to increased fluorescence intensities. Maximum fluorescence intensities 
appeared at around pH 3.0 with a 4.0 times increase in the fluorescence intensity of 
poly(BDA2-AEPZ1)-OH, but less than 2 times increases for poly(BDA2-AEPZ1)-
NH2 and poly(BDA2-AEPZ1)-(OH)2 (Figure 9.11). The results also agreed with those 
of illumination photographs shown in Figure 9.8. In addition, Figure 9.10 indicates 
that the fluorescent chemical species were produced faster at pH 3. All the tertiary 
amines were protonated at pH 3 and the compacted spatial morphologies became very 
open,16 so oxidation reagents, i.e., oxygen in the air, could distribute across the 
dendritic polymers easily resulting in a faster formation of fluorescent chemical 
species. But the fluorescence intensity of poly(BDA2-AEPZ1)-OH decreased with 
time significantly at pH 3 as depicted in Figure 9.10A,  which should be due to the 
faster hydrolysis. In contrast, the fluorescent intensity of poly(BDA2-AEPZ1)-NH2 
and poly(BDA2-AEPZ1)-(OH)2 were almost constant. The difference should result 
from the stronger fluorescent intensity of poly(BAD2-AEPZ1)-OH as illustrated in 
Figure 9.10. The mono-hydroxyl terminal groups in poly(BDA2-AEPZ1)-OH also 
facilitated the formation of fluorescent chemical species emitting the strongest 
fluorescence under PS treatment or exposure to air at pH 7 similar to the results of 
Lee et al..5 The quantum yield of poly(BDA2-AEPZ1)-OH after PS treatment for 48 h 
at pH 7 was 3.5%. 
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Figure 9.11 pH-Dependent fluorescence intensities of poly(BDA2-AEPZ1)-OH, 
poly(BDA2-AEPZ1)-(OH)2 and poly(BDA2-AEPZ1)-NH2 (aqueous 
0.5 mM). Excitation and emission bands of poly(BDA2-AEPZ1)-OH, 
poly(BDA2-AEPZ1)-(OH)2 and poly(BDA2-AEPZ1)-NH2 were at 394, 
372, 373 nm and 473, 456, 469 nm, respectively. 
 
9.4 Conclusions 
    Blue fluorescence was observed from the aqueous solution of hyperbranched 
poly(amino ester)s. The coexistence of tertiary amines and carbonyl groups in the 
core, and compacted dendritic structures with suitable terminal groups of 
hyperbranched polymers other than dendrimers was key structural factors for showing 
blue fluorescence. Oxidation through treatment with PS or exposure to air, and mono-
hydroxyl terminal groups facilitated the formation of fluorescent chemical species 
emitting strong fluorescence. These hyperbranched poly(amino ester)s are promising 
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      A systematical research was carried out on the design and synthesis of novel 
linear and hyperbranched poly(amino ester)s through Michael addition 
polymerizations of trifunctional amine monomers and diacrylates or triacrylates. The 
linear poly(amino ester)s contain secondary and tertiary amines in their backbones, 
and the hyperbranched poly(amino ester)s have a diversiform combination of primary, 
secondary and tertiary amines. The study on the polymerization mechanisms, 
structures and properties and their applications as gene carriers was carried out. Also 
the blue photoluminescence from hyperbranched poly(amino ester)s was discussed.  
      First it was found that the reactivity of the three types of amines in trifunctional 
amines was different. For these trifunctional amines with lower steric hindrance on 
the secondary amines such as AEPZ, AMPD and MEDA, the reactivity sequences of 
the amines were 2o amines (original) > 1o amines >> 2o amines (formed). The 
increased steric hindrance on the secondary amines in EEDA and HEDA reduced the 
reactivity of 2o amines (original) to such a degree that the reactivity sequences of 
amines changed to 1o amines > 2o amines (original) > 2o amines (formed). The 
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secondary amines (formed) had the lowest reactivity due to the highest steric 
hindrance of polymer backbones.  
 On the basis of the understanding of the unequal reactivity of three types of amines 
in trifunctional amine monomers, three novel approaches to linear and hyperbranched 
poly(amino ester)s were developed: 1) A2+BB’ approach to linear poly(amino ester)s 
containing secondary and tertiary amines in their backbones, 2) 2A2+BB’B” approach 
to hyperbranched poly(amino ester)s with tertiary amines in the core and tunable 
terminal primary, secondary or tertiary amines, and 3) A3+2BB’B” approach to 
hyperbranched poly(amino ester)s with secondary and tertiary amines in the core and 
primary amines in the periphery similar to PEI. 
 These poly(amino ester)s were degradable via hydrolysis of the ester groups, and 
had good DNA condensation capability and low cytotoxicity. Remarkably, some of 
the poly(amino ester)s showed good DNA transfection efficiencies comparable to or 
even higher than polyethylenimine (PEI) (25 K). This was attributed to different types 
of amines to form the pH-buffering “proton sponge” and readily degradable ester 
groups in their backbones. The effects of poly(amino ester)s structures on DNA 
transfection efficiency were investigated. Hyperbranched polymers containing 
primary amines in the peripherals had optimal transfection efficiencies compared to 
those containing secondary or tertiary amines in the peripherals. The structural feature 
with improved gene transfer property should be due to the different roles of different 
types of amines. Primary amines facilitate formation of stable complexes with DNA, 
and secondary and tertiary amines lead to a substantial endosomal disruption.  
In addition, blue photoluminescence was observed from hyperbranched poly(amino 
ester)s. The key structural features for showing photoluminescence were the 
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coexistence of tertiary amines and carbonyl groups in the core, and compacted 
dendritic structures with abundant suitable terminal groups. 
The unambiguous identification of the reactivity sequence of the three types of 
amines in the trifunctional amines, i.e., AEPZ, AMPD, MEDA, EEDA and HEDA, 
corrected the conclusions reported in the literature.1-3  This is important for getting a 
right understanding of a category of polymerizations, i.e., the Michael addition 
polymerizations of these trifunctional amines with diacrylates or diacrylamides or 
vinyl sulfone. Therefore, a guideline was provided to get a clear picture of the 
mechanisms of these polymerizations, the structures of the polymers produced and 
their properties.    
The success in the approaches to linear poly(amino ester)s and hyperbranched 
poly(amino ester)s was a demonstration of the significance of the clear understanding 
of the reactivity sequence of the three types of amines in the trifunctional amines. 
These novel approaches can be exploited further to prepare a large library of 
degradable linear and hyperbranched poly(amino ester)s via combinatorial approaches 
through adopting various monomers, e.g., trifunctional amines, diacrylates and 
triacrylates. The degradability and low cytotoxicity render these poly(amino ester)s 
promising for wide bio-related applications other than for preparing safe and efficient 
gene carriers. Moreover, the three novel approaches to hyperbranched polymers 
demonstrated further the feasibility of applying polymerizations of multifunctional 
monomers with suitable unequal reactivity to prepare hyperbranched polymers.    
10.2 Future work 
Although the study demonstrated several structural features with improved gene 
transfection efficiencies, the relatively small pool of the current proof-of-concept 
samples prevented the assignment of definitive structure-property relationships for 
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gene delivery. For further structure/property studies, we recommend that larger and 
more diverse poly(amino ester) libraries should be synthesized together with 
improvement in control of polymer molecular weights. 
Due to limitation in experimental conditions, in vivo testing of these novel 
poly(amino ester)s have yet been performed. In order to demonstrate the clinical 
applicability of those poly(amino ester)s as gene carriers for gene therapy, the 
evaluation test in vivo is needed. 
It was interesting that photoluminescence was observed from aqueous solutions of 
hyperbranched poly(amino ester)s. Although it was expected that fluorescence 
chemical species should be formed, no convincing evidence can be detected. Further 
works are needed to get a clear understanding of the mechanism of the 
photoluminescence phenomenon from hyperbranched poly(amino ester)s. 
 Finally, exploration of other applications of these novel poly(amino ester)s such as 
for drug delivery and preparing supramolecular self-assembly materials should  be 
interesting and meaningful. 
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